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ABSTRACT

This study investigated thermodynamic and microscopic characteristics of various F-gas hydrates to
examine the feasibility of gas hydrate-based F-gas separation process and to demonstrate the newly
discovered F-gas hydrates. Thermodynamic phase equilibria were measured to determine the
thermodynamically stable region of each F-gas hydrate, while powder X-ray diffraction was conducted
to identify the gas hydrate crystal structure and lattice parameter. In addition, **C & °F NMR and in-
situ Raman spectroscopy were utilized to confirm the hydrate structure and observe cage-filling guest-
molecular behavior. Lastly, the gas and hydrate phase compositions were analyzed via gas
chromatography to examine the separation efficiency by gas hydrate formation process. From the
experimental results, the thermodynamic stability range of pure CHF; and CHF; + N gas hydrates
demonstrated that CHF3 can be captured in hydrate phase with high separation efficiency, while they
form sl hydrate regardless of CHF3 concentrations used in this study. On the other hand, pure CFs and
CaFs + N2 gas mixture formed sll hydrates, and since C,Fs + N2 + water system showed an azeotropic
behavior at high temperature range, restricting the gas hydrate-based separation process only applicable
at specific temperature and pressure range. Lastly, the fundamental thermodynamic and spectroscopic
properties of pure NF; hydrate were obtained to estimate the feasibility for gas hydrate-based separation
process. This study also made important discoveries on two F-gases (c-C4Fs and CsFs) which form sH
hydrate in presence of suitable guest molecules. Since CsFg and ¢c-C4Fs molecules have large molecular
sizes, those molecules have not been expected to be enclathrated in sl or sll hydrate cages. However,
this study discovered that c-CsFs molecules can be enclathrated in sH large (5'268) cages in presence of
CHys as help gas, which was demonstrated through PXRD and **C NMR spectroscopy. In addition, CsFs
was found to act as a dual hydrate former between sH and sl hydrates according to help gas molecules.
Via C NMR and Raman spectroscopy, CsFs was confirmed to form sH hydrate with CHa, while
forming sll hydrate in presence of SFs. The discovery of ¢-CsFs and CsFs as sH hydrate former is very
meaningful, since there have been no gas-phase sH hydrate former investigated until present. The
overall results obtained in this study provide invaluable information of various properties of F-gas

hydrates, and are expected to be useful sources for gas hydrate application fields in the future.
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Chapter 1. Introduction

1.1. Introduction of Gas Hydrates

Gas hydrates, also called clathrate hydrates, are non-stoichiometric crystalline compounds that occur

when water molecules form cage-like lattices via hydrogen bonding around guest molecules under

high pressure and low temperature conditions [1]. There are three representative structures of gas

hydrates that contain different sizes and shapes of cages: structure 1 (sl), structure Il (sll), and structure

H (sH). The unit cell of sl hydrate consists of two small (5?) cages and six large (5!%6%) cages; sll

hydrate consists of sixteen small (5'?) cages and eight large (5!26*) cages; and sH hydrate consists of

three small (5%2) cages, two medium (435%°) cages, and one large (5*268) cage [1]. In general, small

gas molecules such as methane and carbon dioxide form sl hydrates, while larger guests such as

propane and tetrahydrofuran, or much smaller gas molecules such as nitrogen and oxygen, form sl

hydrates. sH hydrates have been known to be formed with large liquid hydrocarbons such as

neohexane and methylcyclopentane in the presence of small help gases such as methane or hydrogen

sulfide [1].
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Figure 1.1.1. Three Representative Structures of Gas Hydrates.
(a) sl Hydrates (b) sll Hydrates (c) sH Hydrates



Table 1.1.1. Geometry and Crystal Parameters of Gas Hydrate Cages [1]

Structure | Structure 11 Structure H
Crystal System Cubic Cubic Hexagonal
Space Group Pm3n Fd3m P6/mmm
. a=b=12.2 A
Lattice Parameters a=b=c=12 A a=b=c=17.3 A
c=10.1A
Cavity Small Large Small Large Small Medium Large
Description 512 5122 512 51264 512 435563 51268
No. of Cavities / Unit cell 2 6 16 8 3 2 1
Average Cavity Radius (A) 3.95 4.33 3.91 4.73 3.94 4.04 5.79
No. of Water Molecules /
) 20 24 20 28 20 20 36
Cavity




There are various applications of gas hydrates, such as natural gas storage/transportation, CO. capture
and storage, and desalination [2-30]. In particular, researchers have proposed gas hydrate-based CO;
capture from pre-combustion fuel gas mixtures or post-combustion flue gas mixtures [8-16];
subsequently, the possibility of sequestrating CO; into the deep ocean or naturally occurring gas hydrate
layers has been proposed in order to mitigate the global warming effect caused by the increased
concentration of CO; in the atmosphere [17-19]. Similarly, other global warming gases such as
fluorinated gases (F-gases) should be sequestrated from the emission source in order to reduce their
environmental impacts, and gas hydrate formation is expected to be a potential mean to separate them
efficiently [25-30].

Natural gas
Storage &
Transportation

CcoO,
Capture &
Storage Gas

Pipeline
Pluggings

Hydrates

Desalination

Figure 1.1.2. Various Applications of Gas Hydrates



1.2. F-gases and Global Warming Effects

F-gases are man-made gases that are widely used in various industries including semiconductor
industries or refrigeration systems thanks to their high molecular stability, and the amount of F-gas
emission toward the atmosphere due to the leakage of the gas during the process is gradually increasing.
However, since F-gases have significantly higher global warming potentials(GWP) and long
atmospheric lifetimes compared to other global warming gases (CO,, CH4 and N20O), the emission of
F-gases became one of the major threats of increasing the average temperature of the globe. [31-37].
Therefore, the demand of developing methods to separate and capture F-gas from the emission source
have been increased. In this sense, several methods such as membrane separation, adsorption, and
liquefaction have been proposed for capture and recovery of F-gases [35, 37-42]. However, these
methods have drawbacks such as high operational costs and low efficiency, requiring the development
of an innovative and efficient F-gas separation method which can overcome these operational limits
and enables the reuse of F-gases after recovery. In this sense, gas hydrate-based separation technology
was suggested as a potential option for separating and recovering F-gases. Because F-gases have a
relatively larger molecular size and, accordingly, higher thermodynamic stability of gas hydrates
compared with nitrogen (N2), F-gases can be selectively captured in the gas hydrate cages when gas

hydrates are formed from F-gas + N2 gas mixtures.

Table 1.1.2. F-gas Capture and Recovery Methods Developed until Now [35, 37-42]

Capture/recovery methods Target Gases Features
CFa, CoFs, Based on gas permeation in semi-permeable
] CaFs, Cy4Fs, polymeric membrane.
Membrane Separation CHE- SF Poly ethylene oxide (PEO), polyfluorononyl
$ 27 | moieties (PF) and silicone rubber (SR) are used.
CFCs No molecular degradation.
CFs. CoFs Effective when there are excessive amount
Adsorption T (>95%) of F-gases.
SFs Activated carbon as adsorbent.
No molecular degradation.
CF4, CaoFs,
] ) Can obtain almost pure gas after the process.
Liquefaction CaFs, CHF3, | Requires thermodynamic conditions to be above
SFs the liquefaction point.

In this study, various F-gases were selected as target gases to be captured in gas hydrate phase. First,
CHF;, CoFs and NF; hydrates were investigated, because they are commonly used in semiconductor
industries as well as in refrigeration systems, while having extremely high global warming potentials
(CHF3:11,700; C,F6:9200, NFs: 17,200) and long atmospheric lifetimes (CHFs: 264 years, CaFe:



10,000 years, NFs3: 740 years) [31]. In order to assess the feasibility of the hydrate-based F-gas
separation process, various approaches from thermodynamic, kinetic, and spectroscopic views on both
the pure F-gas hydrates and F-gas + N, mixed gas hydrates were required. Moreover, computational
methods were combined to analyze the cage occupancy of each F-gas hydrate phase.

Second, this study demonstrated that the large molecular F-gases such as CsFs (7.68A) and c-CaFs
(7.66A) can also form gas hydrates in presence of help gases. Since their molecular sizes are much
larger than usual sl/sll hydrate former guests, they were not expected to be enclathrated in gas hydrate
cages. However, this study discovered that those large molecules can also become gas hydrate formers
in presence of appropriate help gas molecules. Moreover, it was demonstrated that they act as gas
phase sH hydrate guests and CsFs can select the hydrate structure to form respective to its help gases.
The experiments to verify the enclathration of those molecules present thermodynamic phase
equilibria, crystal structures and lattice parameters, and guest molecular behaviors in each hydrate
phase.

The experimental and computational results from the first and second subjects of this study are
presented below, and they are expected to give technological progress for gas hydrate-based F-gas

separation process and broaden the gas hydrate science and possible application ranges.



Table 1.2.1. Atmospheric Lifetimes and Global Warming Potentials of Various F-gases

Industrial Name

Chemical Name

Chemical Formula

Atmospheric Lifetime (yrs)

Global Warming Potential (100yrs)

Carbon dioxide CO: Variable 1

Methane CHs 12 21
R-23 Trifluoromethane CHF; 264 11,700
R-116 Hexafluoroethane CaFe 10,000 9,200
R-218 Octafluoropropane CsFs 2,600 7,000
R-C318 c-Octafluorobutane c-C4Fs 3,200 8,700
Nitrogen trifluoride NF3 740 17,200
Sulfur hexafluoride SFs 3,200 23,900




Chapter 2. Experimental Investigation

2.1. Materials

The highly purified CHF;3 (99.999%), CsFs (99.999%), SFs (99.99%) and N, (99.99%) gases were
supplied by PSG Gas Co. (Republic of Korea), whereas CsFs (99.99%), c-CsFs (100%) gases and
fourteen c-CaFs(2, 5%) + N2, CsFs (25, 50%) + N, CHF3 / CaFs (10, 20, 40, 60, 80%) + N2 mixture
gases were supplied by RIGAS (Republic of Korea). Double-distilled and deionized water was used for
the gas hydrate formation. Especially, deuterium oxide (D:O) with a purity of 99.9 atom% D was
purchased from Sigma-Aldrich (USA) and used for the gas hydrate formation during in situ Raman
analyses. All materials were used without further purification.

2.2. Experimental Apparatus and Procedure
2.2.1. Hydrate Phase Equilibria Measurement

The experimental apparatus used in this study was specifically manufactured to accurately measure
the pressure and temperature during the hydrate formation and dissociation process for the purpose of
the phase equilibrium measurement and sample preparation. The equilibrium cell with an internal
volume of 250 cm?® was made from 316 stainless steel, and it was immersed in a water bath connected
to an external circulator with a programmable temperature controller (RW-2025G, JEIO Tech,
Republic of Korea). The inner content of the equilibrium cell was strongly agitated using an impeller-
type stirrer. Two sapphire windows at the front and back sides of the equilibrium cell allowed visual
observation of the phase transitions that occur in the cell. A thermocouple with a temperature range
from 73.15 K to 1273.15 K was introduced into the equilibrium cell in order to measure the
temperature of the cell content. The thermocouple was calibrated using an ASTM 63C thermometer
(H-B Instrument Company, USA) with a resolution of 0.1 K. A pressure transducer (S-10, Wika,
Germany) with an uncertainty of 0.01 MPa was used to measure the pressure in the equilibrium cell,
and it was calibrated using a Heise Bourdon tube pressure gauge (CMM — 137219, 0-10.0 MPa). The

schematic diagram of the apparatus for phase equilibria measurement is depicted in Figure 2.2.1.
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Figure 2.2.1. Schematic diagram of the apparatus for phase equilibria measurement.



In order to measure the three-phase equilibria of the F-gas + water system, the equilibrium cell was
filled with approximately 80 cm?® of water. Before beginning the experiment, the equilibrium cell was
ventilated at least three times with the object gas in order to remove the residual air in the cell. Then,
the equilibrium cell was filled with the object gas up to the desired pressure, and the overall system
temperature was slowly cooled to a temperature lower than the expected equilibrium temperature. The
pressure decreased slightly as the temperature decreased until an abrupt pressure drop was observed
as a result of the gas hydrate nucleation and growth. After a sufficient time for the complete conversion
of water into gas hydrate, the temperature was increased in a stepwise manner at 0.1 K/90 min. The
intersection point between the hydrate dissociation line and thermal expansion line at a given pressure
was determined as the three-phase (gas hydrate (H) — liquid water (Lw) — vapor (V)) equilibrium point.
The three-phase gas hydrate (H) — liquid F-gas (Lr-gs) — vVapor (V) and three-phase liquid water (Lw)
— liquid F-gas (Lr-gas) — vapor (V) equilibria were also measured for pure CHF3z and C.Fs hydrates,

after pressurizing the equilibrium cell up to the liquefaction pressure of CHF3 or C,Fs at a given

temperature.
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2.2.2. Hydrate Structure Identification

The hydrate crystal structures and their lattice parameters were usually analyzed by powder X-ray
diffraction. The hydrate samples were taken from the equilibrium cell and powdered into fine particles
using a 100 um sieve in a liquid nitrogen vessel. The powder X-ray diffraction (PXRD) patterns for
determination of the crystal structures were collected using an X-ray diffractometer (Rigaku
Geigerflex, D/Max-RB) or PLS-Il 6D C&S UNIST-PAL beamline of the Pohang Accelerator
Laboratory in Republic of Korea. The diffractometers were equipped with a graphite-
monochromatized Cu Kal radiation source (k = 1.5406 A ), and the patterns were collected in a step
mode with a fixed time interval of 3 s and a step size of 0.02°for 2h = 5-55%at 123.15 K. The obtained

patterns were analyzed using the ChekCell program or Fullprof.

2.2.3. Microscopic Analyses of Hydrate Phase
13C NMR, ¥F NMR and in-situ Raman spectroscopy were used to confirm enclathration of the object
gas molecules and reassure the hydrate crystal structures. For NMR analyses, a Bruker 400 MHz solid-
state NMR spectrometer in Korea Basic Science Institute (KBSI) was used. For sample preparation,
the formed gas hydrates were finely powdered in a liquid nitrogen vessel and placed into a zirconia
rotor with a 4 mm outer diameter, which was then loaded into a variable temperature (VT) probe. All
13C NMR spectra were recorded at a Larmor frequency of 100.6 MHz. An excitation pulse length of 2
us and a pulse repetition delay of 10 s under proton decoupling were applied. Radio frequency field
strengths of 50 kHz, which correspond to 5 us 90° pulses, were used for both **C and *H channels. The
downfield carbon resonance peak of adamantine of 38.3 ppm at 300 K was used as a secondary
external chemical shift reference. All °F NMR spectra were recorded at a Larmor frequency of 376.5
MHz without proton decoupling. An excitation pulse length of 2 us (with a «/2 pulse of approximately
6 us for an aqueous LiAsFs saturated solution) and a pulse repetition delay of 5 s were applied. The
LiAsFg solution was used as a secondary external chemical shift reference using the center (-69.5 ppm)
of the four peaks split by J-coupling between 75As and °F. All NMR spectra were acquired at 240 K
and a magic angle spinning (MAS) rate between 2 and 4 kHz. The in situ Raman spectroscopy was
used to observe the growth process of the hydrates and the cage occupancy behavior of the guest
molecules. The Raman spectra were collected using a modular Raman spectrometer (SP550, Horiba,
France) equipped with a multi-channel air cooled CCD detector and a 1800 groove/mm grating. The
Raman band of a silicon wafer at 520.7 cm™ was used to calibrate the spectrometer. A fiber optic
Raman probe, which was inserted in the high pressure reactor, enabled the acquisition of time-
dependent Raman spectra during the gas hydrate formation process. After the hydrate growth process
was completed, the final Raman spectra of the fully grown hydrates were obtained and deconvoluted

using the Voigt function.
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2.2.4. Composition Analyses and Gas Consumption Measurement

The pressure-composition analyses of the vapor and hydrate phases at three-phase (H-Lw—V)
equilibrium states were measured by a gas chromatograph (7890A; Agilent Technologies, USA),
which is equipped with a sampling valve (Model 7010; Rheodyne, USA) and a 5 pL loop. The gas
chromatograph was connected to the high-pressure equilibrium cell through a high-pressure metering
pump (Eldex, USA). A thermal conductivity detector (TCD) and a Porapak Q column (Supelco, USA)
were used to detect and measure the compositions of the gas mixture. In order to achieve the three-
phase (H-Lw—V) equilibrium state and to measure the equilibrium compositions, the high-pressure
equilibrium cell was filled with an excess amount of water (100 cm?), which could not be completely
converted into gas hydrate at a specified pressure and temperature. The pressure of the system was
maintained at the desired pressure using a micro-flow syringe pump (ISCO Model 500D; Teledyne,
USA). Once gas hydrate nucleation and growth occurred at specified temperatures, the system was
left for 24 h to reach the three-phase (H— Lw—V) equilibrium state at each pressure and temperature
condition. When the system reached a constant state, the vapor phase was circulated through a high-
pressure metering pump to equilibrate both compositions of the equilibrium cell and the loop, and then,
it was analyzed using a gas chromatograph. After evacuating the vapor phase from the equilibrium
cell using a vacuum pump at the temperature of liquid nitrogen, the hydrate phase was dissociated at
298.15 K, and the composition of retrieved gas from the hydrate phase was also analyzed by a gas
chromatograph.

Gas uptakes and compositional changes in the vapor phase during the gas hydrate formation process
were measured under an isothermal and isobaric conditions. The reaction time was counted
immediately after the nucleation of hydrate crystals. The gas uptake measurement was conducted in a
batch system with 100 cm? of water. The pressure was kept constant using a micro-flow syringe pump
(ISCO Model 500D; Teledyne, USA), and the volume of the gas used to supplement the pressure of
the reactor was recorded with a regular time interval of 10 min. Next, the volume of consumed gas
was converted into the number of moles of gas molecules consumed per the number of moles of water
in the reactor. During the hydrate formation, the vapor phase composition was also analyzed using the
gas chromatograph (7890A; Agilent Technologies, USA) with a time interval of 10 min. All the

measurements were conducted at least three times, and the average value was taken.
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Chapter 3. Gas Hydrate-based F-gases Separation

3.1. Gas Hydrate Formation with Pure CHF; and C,Fs Gases
3.1.1. Abstract

In this study, gas hydrate-based fluorinated gas (F-gas) separation is proposed as a novel method to
capture F-gases. This study investigates the thermodynamic, structural, and cage filling characteristics
of the gas hydrates formed by two representative F-gases (CHFs; and CyFs) in order to verify the
feasibility of the F-gas separation using gas hydrate formation. The three-phase (gas hydrate (H) —
liquid water (Lw) — vapor (V)) equilibria of the pure CHF; and C,Fs hydrates are measured in order to
examine the hydrate formation conditions. The PXRD patterns reveal the structure of the CHF3 hydrate
and the C,Fs hydrate as a cubic structure | (sl) and structure 11 (sIl), respectively. The enclathration of
CHF; and C,Fs molecules in each pure CHF3 and C,Fs hydrate is confirmed through *C and °F NMR
analyses. In-situ Raman measurements are used to monitor the growth process of pure CHF3 hydrates,
and they reveal the CHF3 molecules trapped in the sl large (5'26%) cages as well as in the sl small (5?)
cages. The computational study also demonstrates that CHF; is encaged in both small (5!?) and large
(5%262) cages of the sl hydrate, whereas C>Fg only occupies the large (526%) cages of the sl hydrate.

12



3.1.2. Thermodynamic Phase Equilibria

The three-phase (H-Lw—V) equilibria of the CHF3 + water and C,Fs + water systems were measured in
order to determine the stability conditions of the pure CHF3 and C;F¢ hydrates in the temperature range
of 270-300 K and the pressure range of 0.5-5 MPa. The upper end point of the H-Lw—V equilibrium
line is the upper quadruple point (Q2) where four phases of the hydrate (H)-liquid water (Lw)-liquid F-
gas (Lr-gas)—Vvapor (V) coexist. For the four phases to be in equilibrium at Q>, the four neighboring three-
phase equilibrium lines of H-Lw—V, H-Lr.gas—V, H-Lrgas—Lw, and Lr.gas—Lw—V must intersect at this
point. In order to confirm the locations of the experimentally measured Q-, two additional three-phase
equilibrium lines of H-Lr.gss—V and Lr.gas—Lw—V were measured in this study. As depicted in Figure
3.1.1 (a) and (b), three experimentally measured three-phase equilibrium lines for both the CHF; +
water and C,Fe + water systems merged precisely at Q2; the three-phase equilibrium data measured in
this study were in good agreement with previous studies of the CHF; + water system [43-45]. In
particular, the H-Lw—V equilibrium data obtained in this study are shown with those reported by
Hashemi et al. [45]. All measured equilibrium data of the CHF; + water and C,Fs + water systems are
given in Tables 3.1.1 and 3.1.2, respectively. It should be noted that the Q, of the C;F¢ hydrate (279.5
K and 2.17 MPa) was located significantly below that of the CHF; hydrate (292.5 K and 4.07 MPa).
Accordingly, the H-Lw-V equilibrium line of the C,Fs hydrate was located at limited pressure and
temperature ranges compared to the CHF3 hydrate. The hydrate phase equilibria of the CHF3; + water
and C,Fs + water systems can provide insights into the enclathration of these F-gases in the gas hydrate
lattices on a qualitative basis. However, in order to identify the precise structure of each clathrate
hydrate and to quantify the cage occupancy of the F-gases in each hydrate structure, microscopic
analyses such as PXRD, NMR, and Raman spectroscopy, combined with molecular simulations, are

required.
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Figure 3.1.1. (a) H-Lw-V, H-Lcrrs-V, Lw-Lchrs-V equilibria of the pure CHF3 + water system.

(b) H-Lw-V, H-Lcors-V, Lw-Lcors-V equilibria of the pure CoFg + water system.
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Table 3.1.1. Hydrate phase equilibrium data of the CHF3 + water system.

H-Lw-V H-Lchrs -V Lw-LcHrs-V
T(K) P (MPa) T(K)  P(MPa) T(K)  P(MPa)
283.3 111 282.4 3.17 293.2 4.14
285.0 1.38 283.4 3.24 294.3 4.25
286.2 1.63 284.4 3.32 295.5 4.38
287.8 2.01 285.3 3.41 296.4 4.47
289.3 247 286.3 3.49 297.7 4.59
290.1 277 287.3 3.58 299.1 4.72
291.2 3.28 288.3 3.67
291.8 3.65 289.4 3.76 H - Lw - Lenrs - V

290.3 3.85 T(K)  P(MPa)
291.3 3.95 292.5 4.07

Table 3.1.2. Hydrate phase equilibrium data of the C,F¢ + water system.

H-Lw-V H- Lears— V Lw-L core-V
T(K) P (MPa) T(K)  P(MPa) T(K)  P(MPa)
275.3 0.58 274.7 1.91 280.5 2.23
276.9 0.95 275.7 1.96 281.6 2.29
277.4 111 276.6 2.01 282.6 2.35
278.3 1.43 277.6 2.06 283.6 2.41
278.6 1.57 278.6 2.13

278.9 1.72 H-Lw-Lcors-V
279.3 1.99 T(K)  P(MPa)

279.5 2.17
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3.1.3. Microscopic Analyses on Pure CHF3 and C.Fs Hydrates

The structures and refined cell parameters of the pure CHF3 and C,Fs hydrates were revealed through
powder X-ray diffraction (PXRD). Figure 3.1.2 presents the PXRD patterns of both pure CHF3 and
C.F¢ hydrates. The pure CHF3 hydrate was identified as a cubic sl (Pm3n) with a unit cell parameter of
11.91 A . The molecular size of CHF; was approximately 5.12 A [46], which is slightly larger than the
diameter of the sl small (5'?) cages [1]. Therefore, the CHF; molecules were expected to primarily
occupy the large (5'262) cages of the sl hydrate. In contrast, the pure C,Fs hydrate was verified as a
cubic sll (Fd3m) with a unit cell parameter of 17.15 A . The C,F¢ molecules had a molecular size of 6.1

A [47]; thus, they were expected to only be captured in the sl large (5'26*) cages.
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Figure 3.1.2. (a) PXRD patterns of the pure CHF; hydrate (Pm3n, a=11.91A).
(b) PXRD patterns of the pure C,Fs hydrate (Fd3m, a=17.15A).

Asterisks (*) indicate hexagonal ice (Ih).
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The enclathration of the CHF3; and C.Fs molecules in the clathrate hydrates was confirmed through the
13C and *F MAS NMR spectroscopies [48]. Figure 3.3.3 (a) presents the *3C spectra of the CHF; gas
and CHF; hydrate measured at 240 K, which exhibit a quartet signal due to the J-coupling with the three
¥F nuclei. The CHF; gas resonated at 119.1, 116.4, 113.7, and 111.0 ppm, whereas the CHF3 hydrate
signals were significantly broadened and appeared at slightly different resonance frequencies of 119.1,
117.1, 114.8, and 111.4 ppm. Figure 3.3.3 (b) illustrates the '°F spectra of CHF; gas and CHF5 hydrate
measured at 240 K, and it also exhibits a doublet at -88.4 and -88.6 ppm due to the J-coupling with a
H nucleus. It should be noted that both *C and *°F spectra of the CHF3; molecules enclathrated in the
hydrates exhibited broader resonance peaks than the gaseous CHF3; molecules. The broader line-widths
indicate a nanoscopic heterogeneous environment for the CHF3 molecules enclathrated in the hydrates
and/or the reduction of molecular motion, which indicates the enclathration of the CHFs molecules in
the hydrate cages. The broader line-widths obscure the accuracy of the chemical shifts and result in the
poorer spectral resolution. This makes it difficult to distinguish the CHF; molecules in the cages in
different sizes if the chemical shift difference between them is smaller than the line-widths. Figure 3.3.4
(a) and (b) present the *C and °F spectra of the CoFs molecules in both gas and hydrate phases. The
13C spectra in Figure 3.3.4 (a) exhibited a quartet at 119.6, 116.8, 114.0, and 111.3 ppm due to the J-
coupling to the three *°F nuclei directly bonded to the observed *3C in the C.Fs hydrate, and each peak
of the quartet was split into a quartet due to the J-coupling to the three °F nuclei bonded to the
neighboring carbon. Similar to the *3C spectra of CHF3, the 3C spectra of the C,F¢ hydrate demonstrated
slight peak shifts and broadened peak shapes compared with those of the C.F¢ gas due to the nanoscopic
heterogeneous environment for the C,Fs molecules enclathrated in the hydrates and/or the reduction of
the molecular motion, which confirmed the enclathration of the C,Fs molecules in the clathrate hydrates.
The distortion of the peak intensity and chemical shifts was more evident in the *C spectra for the CHF3
hydrates, which indicates the contribution of dipolar interactions with the protons and more easily
broken molecular symmetry of CHF3 in the hydrate. The °F spectra presented in Fig. 3.3.4 (b) also
confirmed the capture of the C;Fs molecules in the clathrate hydrate phase with the presence of one

broader peak than that of the C2Fs gas but at the same chemical shift of -97.7 ppm for the C2Fs gas.
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(a) *°C MAS NMR spectra of CHF; gas and pure CHF3 hydrate at 240 K.

(b) °F MAS NMR spectra of CHF; gas and pure CHF3 hydrate at 240 K.
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Figure 3.1.4. (a) **C MAS NMR spectra of C,Fs gas and pure C,Fs hydrate at 240 K.
(b) **F MAS NMR spectra of C,Fs gas and pure C,Fs hydrate at 240 K.
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In order to further investigate the hydrate formation process and enclathration of the F-gas molecules,
in situ Raman spectroscopy was used for the CHF3 hydrate. Because some Raman peaks from CHF3
overlapped with those from H,O, D>O was used to obtain the precise Raman peaks of the C-H stretching
mode for the enclathrated CHF3; molecules [49, 50]. Fig. 3.3.5 (a) presents the real-time Raman spectra
for the C-H stretching mode of the CHF3; molecules enclathrated in the hydrate cages that consist of
D0 molecules. After the completion of the CHF3 hydrate formation, the final Raman spectrum for the
C-H stretching mode is depicted in Fig. 3.3.5 (b). The C-H symmetric stretching mode of the gaseous
CHF; was reported to exhibit one Raman peak at 3036 cm? [51]. However, the C-H symmetric
stretching mode of the enclathrated CHF3 in the hydrate cages exhibited two Raman peaks: one large
peak at 3038 cm™ and one small peak at 3059 cm™.

In order to examine the cage filling characteristics of the pure CHF; hydrate, the Raman spectrum range
from 3000 cm™ to 3100 cm™ was deconvoluted using a Voigt function. As indicated by Uchida et al.
[49, 50], the large peak at 3038 cm™ can be assigned to the CHF3; molecules captured in the sl large
(5%262) cages, while the small peak at 3059 cm™ can be assigned to the CHF3 molecules in the sl small
(5%) cages. There has been controversy surrounding the occupation of the CHF; molecules in the sl
small (5%2) cages because the molecular size of CHF; is slightly larger than the diameter of the sl small
(5%) cages [1, 46, 49, 50, 52]. However, the Raman spectrum in Fig. 3.3.5 (b) clearly demonstrates that
the CHF3 molecules are enclathrated in the small (52) cages as well as in the large (5*262) cages of the
sl hydrate. After the deconvolution of the Raman spectrum, the area ratio of the CHF® molecules in the
large (5%262) and small (5'?) cages (AL/As) of the pure CHF; hydrate was 20.1 + 1.8, which is equivalent
to the cage occupancy ratio (8./6s) of 6.7 £ 0.6. The Raman spectra presented in Fig. 3.3.5 (a) and (b)
clearly indicate that the CHF3 molecules can also occupy the small (5%2) cages of the sl hydrate, even
though their cage occupancy in the sl small (5?) cages is significantly lower than that in the sl large
(5*6%) cages.
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Figure 3.1.5. (a) Real-time Raman spectra for the C-H stretching mode of pure CHF3 hydrate at 278.15 K and 2.5 MPa.
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(b) Final Raman spectrum of the C-H stretching mode for pure CHF; hydrate.
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3.1.4. Computational Methods and Results

The water frameworks were extracted from the gas hydrate structures [53]. In order for the density
functional theory (DFT) calculation to obtain the optimized water structures, the unit cell systems were
used: a cubic structure for the sl hydrate and a rhombohedral structure for the sll hydrate (Figure 3.1.6),
which consisted of 46 and 34 water molecules, respectively. In order to predict the enclathration of the
gas molecules, water-cluster models from the optimized unit cells were used. In order for the grand

canonical Monte Carlo (GCMC) simulations to estimate the occupancies in the sl and sl hydrates, the

unit cells were extended to the supercell systems of 3 x 3 x 3, which consisted of 54 small cages (5?)

and 162 large cages (5'%6%) for the sl hydrate, and 108 small cages (5'?) and 54 large cages (5'26%) for
the sll hydrate. In particular, for the GCMC study, the lattice parameters of the optimized sl and slI
hydrates were adjusted based on the experimental lattice parameters.

The unit cells of the hydrate structures were optimized using a quantum mechanical calculation
package CASTEP [54, 55] with generalized gradient approximations (GGA) — the Perdew-Burke-
Ernzerhof (PBE) functional [56] and on-the-fly pseudopotential. The energy cut-off was set to 610.0

eV with a 2x2x2 k-point grid. The Mulliken partial charges for atoms were obtained from the

population analysis. In order to observe the enclathration of CHF3 and C2F¢ in the water-cluster models,
DMol3 [57, 58] with the GGA-PBE functional was used. Spin-polarization was adopted with a basis
set of DNP 4.4 level. In order to predict the cage occupancies of CHF3; and CzFs in the sl and sl
hydrates, the GCMC simulations using Metropolis [59] and configurational-bias [60] algorithms was
performed through applying the COMPASS force field [61] to the enclathrated systems. According to
the data of the hydrate phase equilibria from the experiment, the thermodynamic conditions were set
to 287.8 K and 2.01 MPa for the sl hydrate and 278.6 K and 1.57 MPa for the sl hydrate. All GCMC
simulations were conducted five times in order to produce averaged results. Each simulation consisted
of an equilibration of 107 Monte Carlo (MC) steps and a production of 107 MC steps.
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Figure 3.1.6. Optimized structures for unit cells of (a) sl hydrate (cubic) and (b) sll hydrate
(rhombohedral).
In sl hydrate, there are 6 large cages (526%) and 2 small cages (5?) indicated by red and blue colors,
respectively. In sll hydrate, there are 2 large cages (5!26%) and 4 small cages (5*?) indicated by green
and blue colors, respectively. White spheres indicate oxygen atoms. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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Before estimating the occupancies of the CHF3 gas hydrate, the possibility of enclathrating CHF; and
C,Fs in the hydrate cages was first investigated using DFT calculations (Fig. 3.1.7). The CHF;
molecules were occupied in both the small (5'?) and large (5'262) cages of sl. However, the C;Fs
molecules were only encaged in the large (5'26%) cages of sll because the occupation of the C,Fs
molecules in the small (5!?) cages could break the hydrogen bonding of the water molecules due to their
large molecular size (Fig. 3.1.7 (d)). Due to the enclathration of the guest molecules, the expansion of
the cages caused enlargement of the lattice parameter of the gas hydrates. The order of expansion agreed
well with experimental results: the large (5'26%) cage of the empty sl hydrate expanded by approximately
3%, which resulted in the enlargement of the lattice parameter from 11.56 A to 11.90 A (i.e. similar to
11.91 A from the experiment) and the large (5'26%) cage of the empty sll hydrate expanded by
approximately 2%, which resulted in the enlargement of the lattice parameter from 11.89 A to 12.13 A,
which is equivalent to 17.15 A of the unit cell in the cubic slI hydrate (i.e. similar to 17.15 A from the
experiment). The enlarged lattice parameters were used in the GCMC simulation to estimate the
occupancies of the guest molecules. As described in Table 3.1.3, CHF; occupied 12% of the small (5%2)
cages and 100% of the large (5'26%) cages of the sl hydrate, whereas C2Fs could not occupy the small
(5%) cages, but occupied 97.6% of the large (5!26*) cage of the sIl hydrate. The occupancy ratio (6./0s)
of CHF; was estimated to be 8.3 + 1.4, which was comparable with the experimental result. The
nonbonding interaction energies (i.e. van der Waals and electrostatic energies) between the gas
molecules and relaxed water framework were calculated in order to elucidate the results of the
disproportional occupancies (i.e. 8s in sl and 6 in sll). Fig. 3.1.8 (a) presents the interaction energies
of the CHF3 molecules in the sl hydrate in terms of 6s. Note that the energy was calculated through
maintaining 6. as unity. The sl hydrate system was favored in the range of 6s = 0.08-0.16, which
corresponded to the average occupancy (i.e. 0.12). Fig. 3.1.8 (b) presents the interaction energies of
C2Fs, which decreased constantly as 0. increased until it reached 0.976. As seen in the energy trend, the
100% occupancy for C,Fg in the large (5'%6*) cage was expected, but the maximum occupancy was

estimated to be 97.6% with the current GCMC scheme based on the random insertion.
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(a) (b) (©) (d)
Figure 3.1.7. Optimized structure for CHF3z and CFs hydrate cage by DFT calculations. .

(a) and (b) represent CHF;3 in large (5'%62) and small cages (5*2) of sl hydrate, respectively.

(c) and (d) represent CoF¢ in large (526%) and small (5'2) cages of sl hydrate, respectively. Black,
cyan, and light purple colors represent hydrogen, carbon, and fluorine atoms, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Figure 3.1.8. Interaction energies (kcal/mol) in terms of (a) the occupancy of small cage (5°) of
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Table 3.1.3. Occupancies of gas molecules for small and large cages in sl and sll hydrates of the

(3 x 3 x 3) supercell system. The numbers in parentheses represent average numbers of enclathrated

gas molecules over the total number of each cage in sl and sll hydrates, respectively.

Type

Occupancy for small cages (6s)

Occupancy for large cages (0.)

sl

0.12 + 0.02 (6.4 + 1.14)/54)

1.000 (162/162)

sll

0.0 (0/108)

0.976 + 0.01 ((52.7 + 0.58)/54)
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3.1.5. Conclusions

In this study, the thermodynamic, structural, and cage filling characteristics of pure CHF3; and C;Fs
hydrates were investigated as a first step in the hydrate-based F-gas separation. The three phase (H—
Lw—V, H-Lw—Lr.gss, and Lw—Lr.gs—V) equilibria measurements demonstrated that both pure CHF; and
C2F¢ hydrates provided relatively mild hydrate forming conditions, which implies that both CHF3 and
C,Fs molecules can be readily captured in the hydrate lattices. The PXRD analyses revealed that the
pure CHFs hydrate was sl (Pm3n) with a lattice parameter of 11.91 A, whereas the pure C2Fs hydrate
was sl (Fd3m) with a lattice parameter of 17.15 A .

The 13C and *°F NMR spectroscopic results confirmed the enclathration of the CHF; and C2Fs molecules
in each hydrate structure through the resonance peak shift and broadening of the guest molecules
enclathrated in the hydrate phase. The time-dependent growth process of the CHF; hydrate was
monitored via in situ Raman spectroscopy. The deconvolution of the final Raman spectrum of the CHF;
hydrate revealed that the cage occupancy ratio (0./0s) of the CHF3; molecules in the large (5'%62) and
small (5'2) cages of sl was 6.7 * 0.6, even though the molecular size of CHF3; was almost the same as,
or slightly larger than, that of the small (5?) cages of the sl hydrate. The cage filling behavior of CHF3
and C,Fs was also predicted by the DFT calculations, which demonstrated that CHF; could be captured
in the small (5'2) and large (5'%62) cages of the sl hydrate, whereas C.Fs was only enclathrated in the
large (5'26*) cages of the sll hydrate. Furthermore, the GCMC simulations revealed that the cage
occupancy ratio (8./6s) of CHF; in the sl hydrate was 8.3 + 1.4, which was in good agreement with the
experimental result. The experimental and computational results including the phase behavior, structure
identification, and cage-specific guest distribution clearly demonstrated the enclathration of both CHF3
and C,Fs molecules in the gas hydrate lattices; thus, this indicates significant potential for hydrate-based

F-gas separation.
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3.2. Gas Hydrate-based CHF3 Separation from CHFz + N2> Mixture Gas
3.2.1. Abstract

In this study, the feasibility of gas hydrate-based greenhouse gas (CHF3) separation was investigated
with a primary focus on thermodynamic, structural, and cage-filling characteristics of CHF; + N
hydrates. The three-phase (hydrate (H)—liquid water (Lw)—vapor (V)) equilibria of CHF; (10%, 20%,
40%, 60%, and 80%) + N, + water systems provided the thermodynamic stability conditions of CHF;
+ N2 hydrates. Powder X-ray diffraction revealed that the structure of the CHF; + N hydrates was
identified as sl (Pm3n) for all the CHF; concentration ranges considered in this study. A pressure—
composition diagram obtained at two different temperature conditions (279.15 and 283.15 K)
demonstrated that 40% CHF3 could be enriched to 88% CHFs by only one step of hydrate formation
and that separation efficiency was higher at the lower temperature. Furthermore, Raman spectroscopy
revealed that CHF3 molecules preferentially occupy large (5*262) cages of the structure | (sl) hydrate
during CHF; + N2 hydrate formation. The overall experimental results clearly demonstrated that the
hydrate-based separation process can offer highly concentrated CHF; and would be more effective for
recovering CHF; from exhaust gas when it constitutes a hybrid system with existing separation

methods.
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3.2.2. Thermodynamic Phase Equilibria

Because the main purpose of this study is to suggest a novel method to separate CHF3 by forming gas
hydrate from CHF3 + N2 gas mixtures, which are usually emitted from semiconductor industries, the
thermodynamic validity of the gas hydrate-based separation process should be verified first. Therefore,
the three-phase (H-Lw—V) equilibria of the CHFz + N + water systems with various CHF3
concentrations (10%, 20%, 40%, 60%, and 80%) in the temperature range of 275-289 K and pressure
range of 0.7-11.5 MPa were measured, and the results are presented in Figure 3.2.1 and Table 3.2.1.
Also, the H-Lw—V equilibrium data of pure CHF hydrate, which were measured in our previous study,
and those of pure N2 hydrate are also presented in Figure 3.2.1 to examine the effect of CHF;
concentrations on the thermodynamic stability of the CHF3; + N2 gas hydrates [62, 63]. As shown in
Figure 3.2.1, the H-Lw—V equilibrium curves of the CHF; + N, + water systems were located
generally nearer to that of the CHF3; + water system than that of the N, + water system. This is because
N forms the sl hydrate at very high pressure conditions, occupying both small (5*2) and large (5'26%)
cages, due to its small molecular size, whereas CHF; forms the sl hydrate, primarily occupying large
(562) cages and partly occupying small (5'?) cages [48-50, 62, 63]. Therefore, as the CHF;
concentration in the vapor phase increased, the H-Lw—V equilibria of the CHF; + N, + water systems
became thermodynamically more stable as a result of the increased enclathration of a large-sized
molecular guest (CHFs). The extremely large equilibrium pressure difference between pure N, hydrate
and pure CHF3 hydrate and the significant equilibrium line shift of the CHFz + N> hydrates to the
stabilized regions with an increase in the CHF3 concentration, as shown in Figure 3.2.1, imply that
CHF3; molecules can be selectively captured in the hydrate phase and, thus, can be separated from the

gas mixture through gas hydrate formation.
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Figure 3.2.1. Hydrate phase equilibria of CHF3 + N, + water mixtures.
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Table 3.2.1. Hydrate phase equilibrium data of the CHF3 + N, + water system.

CHF; (80%) + N, CHF; (60%) + N, CHF; (40%) + N, CHF; (20%) + N, CHF; (10%) + N,
T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa) T (K) P (MPa)
2777 0.68 277.0 0.81 2773 1.24 2772 2.22 275.8 3.62
280.2 0.95 278.4 0.96 279.4 1.64 279.1 2.71 277.7 4.49
282.1 1.20 280.6 1.29 281.0 2.00 281.6 3.99 279.6 5.96
282.8 1.33 281.6 1.42 283.0 2.58 283.8 5.17 281.1 7.33
284.2 1.58 282.3 1.63 284.3 3.06 285.8 6.70 282.6 8.82
285.5 1.88 283.0 1.80 286.3 4.19 286.8 7.76 284.4 11.42
286.8 2.24 284.0 2.05 287.3 4.79 287.5 8.84 285.9 14.70
287.7 2.53 285.1 2.33 287.9 531

286.3 2.79 288.4 5.67

287.2 3.19

288.0 3.55
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3.2.3. Thermodynamic and Kinetic Examination on Separation Efficiency

In order to examine the separation efficiency of the hydrate-based method, a pressure—composition
diagram of the CHFs + N, hydrates at 279.15 and 283.15 K is presented in Figure 3.2.3. For
equilibrium composition measurements of the vapor and hydrate phases, the experiment was
conducted in the presence of excess water in order to create the three-phase (H-Lw—V) equilibrium
state when the hydrate formation process was completed. At the final equilibrium state, there exist
three phases (hydrate (H), liquid water (Lw), and vapor (V)) and three components (CHFs, N, and
water), and accordingly, the number of degrees of freedom for this system becomes two. Therefore,
the equilibrium compositions of the vapor and hydrate phases are automatically determined depending
on the pressure condition at a specific temperature. It should be noted that the vapor phase
compositions in Figure 3.2.3 can also be roughly estimated from the hydrate phase equilibrium lines
of the CHF; + N, + water mixtures depicted in Figure 3.2.1 because the pressure—composition diagram
in Figure 3.2.3 was obtained on the basis of the three-phase (H-Lw—V) equilibrium states. Figure 3.2.3,
which presents CHF; compositions of both vapor and hydrate phases according to the pressure
conditions at a specific temperatures, can also provide the number of steps required for the desired
CHF; concentration through the hydrate-based CHF; separation process. For example, at 279.15 K, a
gas mixture having 40% CHF; can form gas hydrates at 1.7 MPa, and the corresponding hydrate phase
will contain 88% CHFs. Furthermore, one additional step of hydrate formation at a much lower
pressure will provide almost pure CHFs. It was also found from the pressure—composition diagram

that the higher CHF; separation efficiency was achievable at a lower temperature.
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Measurements for gas uptake and compositional change in the vapor phase were performed under
isobaric conditions (2.5 MPa (AP = 1.0 MPa) and 3.5 MPa (AP = 2.0 MPa)) at a fixed temperature
(279.15 K), using a CHF3 (40%) + N (60%) gas mixture, in order to observe the kinetic behavior of
the CHF; + N, hydrates, which can be one of the important process factors that needs to be considered
for the actual process. Gas uptake during the formation process of the CHF3z + N, hydrate is shown in
Figure 3.2.4. The accumulated amount of gas consumed during CHFs; + N hydrate formation is
expected to be equivalent to the total amount of gas captured in the hydrate phase. As shown in Figure
3.2.4, the rate of gas consumption during gas hydrate formation was significantly higher at 3.5 MPa
than at 2.5 MPa. A higher driving force induced a higher rate of hydrate growth and a larger gas uptake
during gas hydrate formation.
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Figure 3.2.4. Gas uptake for two different pressure conditions (2.5 and 3.5 MPa) during CHF3 (40%)
+ N2 (60%) hydrate formation at 279.15 K.
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Figure 3.2.5 shows the CHF3 concentration changes in the vapor phase during gas hydrate formation
at two different pressure conditions (2.5 and 3.5 MPa) at 279.15 K. The two systems with an initial
vapor composition of 40% CHF; diverged into two different final vapor compositions depending on
pressure conditions (2.5 and 3.5 MPa). As can be expected from Figure 3.2.4, a lower final CHF3 vapor
composition and a higher rate of vapor composition change were observed at a higher pressure
condition. The final CHF3z compositions at given pressure and temperature conditions shown in Figure
3.2.5 were in good agreement with those that were estimated from the phase equilibrium curves of the
CHF; + N, hydrates depicted in Figure 3.2.1. Figures 3.2.4 and 3.2.5 indicated that a higher pressure
driving force for hydrate formation leads to a higher hydrate growth rate at the initial stage, larger gas
uptake, and higher conversion of water into gas hydrate. They also demonstrated that the hydrate
formation process of the CHF3; (40%) + N2 (60%) hydrate is generally completed within 100 min.
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Figure 3.2.5. Composition change in the vapor phase for two different pressure conditions (2.5 and
3.5 MPa) during CHF; (40%) + N, (60%) hydrate formation at 279.15 K.
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3.2.4. Crystal Structures and Cage-filling Characteristics of CHF3 + N, Hydrates

The hydrate crystal structures and unit cell parameters of the CHF3 + N hydrates with various CHF3
concentrations (10%, 20%, 40%, 60%, and 80%) were determined using PXRD. The PXRD patterns
of the CHF3 + N hydrates, as well as the pure CHF; hydrate, are presented in Figure 3.2.2. In our
previous study, the structure of pure CHF; hydrate was revealed as sl (Pm3n), with a unit cell
parameter of 11.91 A, whereas pure N, hydrate is known to form the sll (Fd3m) hydrate [1, 63]. All
CHF; + N hydrates considered in this study were identified as sl (Pm3n) hydrates with lattice
parameters of 11.91 A (CHF; 80%), 11.90 A (CHF;60%), 11.87 A (CHF340%), 11.87 A (CHF3 20%),
and 11.87 A (CHF3 10%). The sl hydrate formation of the CHF3 + N, gas mixtures, even at low CHF3
concentrations, is attributable to the preferential occupation of CHF3 molecules in the hydrate phase.
CHF; molecules are more selective guests of the hydrate cages than N> molecules and prefer large
(5%262) cages to small (5'?) cages in the sl hydrate due to their relatively large molecular size. Therefore,
they can dominate the structure of the CHF3; + N, hydrates even at low CHF; concentrations. Also, the
lattice parameters of the CHF3 + N hydrates slightly decreased as the CHF3; concentration decreased,
which can be explained by the decreased cage occupancy of CHF3 in the small (5!2) cages of the sl

hydrate at a lower CHF3 concentration.
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In-situ Raman spectroscopy was used to further investigate the enclathration behavior of CHF3
molecules in the gas hydrates during the hydrate formation. The C—H symmetric stretching mode of
gaseous CHF3; molecules was reported to appear primarily at 3036 cm™ [51, 63]. However, two major
Raman peaks from the C—H symmetric stretching mode of enclathrated CHF3 molecules in pure CHF3
hydrate were observed at 3038 and 3059 cm, which correspond to CHF; molecules captured in the
large (5%262) and small (5*2) cages of the sl hydrate, respectively, as revealed in our previous study [63].
Figure 3.2.6 (a) and (b) present the Raman spectra of the N—N stretching mode of N> molecules and
C—H stretching mode of CHF3; molecules from the CHF; + N, hydrates, respectively. In Figure 3.2.6
(a), the Raman peak from the N—N stretching mode of enclathrated N> molecules was observed at 2323
cm?, indicating that N> molecules were clearly captured in the hydrate phase for all the feed gas
compositions [64]. In Figure 3.2.6 (b), two Raman peaks from the C—H symmetric stretching mode of
enclathrated CHF5; molecules of CHFs + N hydrates were observed at 3038 and 3059 cm, which were
consistent with those from pure CHF; hydrate [50, 63]. Even though CHFs; is a relatively poorer guest
for the small (5!%) cages when CHF; competes with N for occupation of the small (5'%) cages, due to
the slightly larger molecular size of CHF; than the diameter of the small (5?) cages of sl hydrate, it was
clearly confirmed from Raman spectra that CHF3 molecules are captured in both the large (5!262) and

small (5'?) cages of the CHF3 + N hydrates.
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40



Figure 3.2.7 (a) presents real-time in situ Raman spectra collected during the growth process of the
CHFs (40%) + N2 (60%) hydrate at 279.15 K and 2.5 MPa (AP = 1.0 MPa). The Raman peak of the
C—H symmetric stretching mode for dissolved CHF; appeared at 3036 cm™. Then, the Raman peak
intensity of dissolved CHF3 suddenly became weakened at around 100 min, and two new Raman peaks
at 3038 and 3059 cm™ started to grow, indicating the nucleation and subsequent growth of the CHF;
(40%) + N2 (60%) hydrate. The two Raman peaks at 3038 and 3059 cm™* continued to grow and reached
a plateau after about 100 min from the beginning of the gas hydrate formation, which indicates that the
CHF; (40%) + N, (60%) hydrate growth was almost completed. This is in good agreement with the
results shown in Figures 3.2.3 and 3.2.4, which present the gas uptakes and the vapor composition
changes. It should also be noted in Figure 3.2.7 (a) that the change in the growth of large (5'26) cages
was significantly more pronounced than that in the growth of small (5?) cages, implying that CHF;
molecules have a strong preference for large (5!262) cages over small (52) cages during the CHF3 + N
hydrate formation. The changes in the cage occupancy ratio (6./06s) of CHF; molecules with respect to
reaction time during the CHF3 (40%) + N2 (60%) hydrate formation are presented in Figure 3.2.7 (b).
The cage occupancy ratio (6./6s) was calculated from the area ratio of each Raman peak corresponding
to large (5262) and small (5'2) cages of sl hydrates, considering that large (5!262) cages are three times
more abundant than small (5'2) cages in the unit cell of sl hydrates. The 0./0s values, which are
significantly higher than 1.0 during the entire reaction time and the increasing behavior of the 6./6s
values for the initial 100 min after hydrate nucleation, also clearly indicate the preferential occupation
of CHF3; molecules in the large (5'%6%) cages of sl hydrate.
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Figure 3.2.7. (2) Real time Raman spectra of the C-H stretching mode for CHF3 (40%) + N2 (60%) hydrate at 279.15 K and 2.5 MPa (AP=1.0 MPa).

(b) Cage occupancy ratio (8./8s) of CHFs molecules captured in CHF3 (40%) + N, (60%) hydrate at 279.15 K and 2.5 MPa (AP=1.0 MPa).
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3.2.5. Conclusions

A gas hydrate-based CHF; separation process has several advantages. First, it is environmentally
friendly. The only material used for gas hydrate formation is water. Therefore, water is recycled for
repeated use after dissociation of gas hydrate. Also, it has high separation efficiency. At 279.15 K, 40%
CHF; can be enriched to 88% CHF3 through only one step of hydrate formation and subsequent
dissociation. Lastly, it is advantageous for CHF; reuse. Because this process does not involve chemical
reactions and, thus, does not affect CHFs; chemically, CHF; can be recovered without chemical
decomposition or degradation. Also, the dissociation process is very simple: it entails just raising the
temperature above the equilibrium one or just reducing pressure below the equilibrium one.

However, there are some points that need to be improved upon for actual application. For CHF3 + N,
gas mixtures with low CHF; concentrations, fairly high pressure is required for gas hydrate formation.
In addition, the formation kinetics of the CHF3 + N2 hydrates seems to be slow, seeing that gas hydrate
formation is generally completed after 100 min. Suitable hydrate promoters that can reduce hydrate
formation pressure at a specified temperature and can enhance the hydrate formation rate should be
explored and tested as a next step in order to improve the performance of the hydrate-based F-gas
separation process. Although hydrate-based CHF; separation can offer highly concentrated CHFs,
several steps of hydrate formation and dissociation will be required to concentrate CHF3 up to 100%.
Therefore, a hybrid system coupled with a hydrate-based separation method and other separation
methods can be devised to make the best use of the hydrate-based CHF3; separation process. The
conceptual diagram of the hybrid system for CHF3 separation and recovery is shown in Figure 3.2.8.
The exhaust gas with very low CHF3 concentration (<1%) from emission sources first goes through an
adsorption or membrane separation process to be enriched to 10%—20% CHF; [41, 65, 66]. Then, the
first hydrate formation can concentrate the gas mixture up to 50%—-60% CHFs. The retrieved gas from
the gas hydrate can be further enriched up to approximately 90% CHF3 by the second hydrate formation.
As a final step, pure (>99%) CHF3 can be easily recovered by liquefaction for reuse.

In this study, the feasibility of gas hydrate-based F-gas separation was examined focusing primarily on
the thermodynamic, structural, and cage-filling characteristics of the CHF; + N hydrates, as well as
separation efficiency. The overall experimental results obtained in this study clearly demonstrate that
the gas hydrate-based CHF; separation process has a potential for application in actual emission sources
by constituting a hybrid system coupled with other separation methods. However, further research into
the means of lowering the hydrate formation pressure and increasing the hydrate formation rate needs

to be done in order to secure the economic feasibility of the process.
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3.3. The Azeotropic Behavior of CoFs + N2 Gas Hydrates
3.3.1. Abstract

C,Fs (hexafluoroethane, R116) is a fluorinated gas (F-gas) widely used in semiconductor industries,
which also has a high global warming potential and a long atmospheric lifetime. In this study, the
thermodynamic and structural characteristics of the CoFs + N2 gas hydrates were investigated for gas
hydrate-based C,Fe separation from emission sources. This experiment measured the three-phase
(hydrate, liquid water, and vapor [H-Lw-V]) equilibria of ternary C,Fs (10, 20, 40, 60, and 80%) + N>
+ H,0 systems and indicated the possible existence of hydrate azeotropes at certain temperature ranges.
Powder X-ray diffraction (PXRD) revealed that the ternary C2Fs + N2 + H,O systems form structure
Il (sll) hydrates (Fd3m) for all C2Fs concentrations considered in this study. The pressure-composition
diagram obtained at two different temperatures (275.15 K and 279.15 K) demonstrated that C.Fg is
highly enriched in the hydrate phase at 275.15 K, whereas at 279.15 K, the C2Fg + N2 + H,O systems
have a hydrate azeotrope where the composition of the hydrate phase is the same as the composition
of the vapor phase. The overall experimental results clearly indicate that hydrate-based C,F separation
is thermodynamically feasible and the higher separation efficiency is achievable at lower temperature

ranges.
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3.3.2. Thermodynamic Phase Equilibria

The H-LW-V equilibria of the ternary C.Fs + N2 + H20 systems with various C2Fs concentrations (10,
20, 40, 60, and 80%) were measured in the temperature range of 274 K to 282 K and in the pressure
range of 0.5 MPa to 4.5 MPa. These results are presented in Figure 3.3.1 and Table 3.3.1. To examine
the thermodynamic stability changes of the C2F¢ + N2 hydrates with the different C2Fs concentrations,
the H-Lw-V equilibria of pure C;F¢ hydrate were also included in Figure 3.3.1 [63]. However, the H-
Lw-V equilibria of pure N2 hydrate were not shown in Figure 3.3.1 because the equilibrium pressure of
pure N2 hydrate at a specified temperature is significantly higher than that of pure C,Fs hydrate
[62].When gas mixtures that consist of a large molecular gas and a small molecular gas form gas
hydrates, the H-Lw-V equilibrium curves of the ternary gas hydrates are generally located between H-
Lw-V equilibrium curves of each binary gas hydrate formed with a large molecular guest only and a
small molecular guest only [8, 67]. As seen in Figure 3.3.1, the equilibrium pressure of the ternary CzFs
+ N2 + H0 systems at a specified temperature gradually decreased with an increase in the concentration
of a large molecular guest (C2Fs) in the temperature range below 276.5 K. However, in the higher
temperature ranges, some ternary C,Fs + N2 + H>O systems were more thermodynamically stable than
the binary C,Fs + H,O system. That is, in the temperature range above 276.5 K, the ternary gas hydrate
composed of C,Fs (80%) + N2 (20%) showed lower hydrate equilibrium pressures than the binary gas
hydrate formed with pure CFs gas. This reversed behavior of H-Lw-V equilibria was also observed for
the CF¢ (60%) + N (40%) hydrate in the temperature range above 278.5 K. On the other hand, it was
clear that the ternary gas hydrates with lower C;Fg concentrations (10% and 20%) were more
thermodynamically unstable than the binary C.Fs + H,O system for the entire temperature range, even
though the H-Lw-V curves of these ternary gas hydrates were located far closer to that of the binary
CaoFs + H,0 system than the binary N, + H,O system. The hydrate phase equilibria shown in Figure
3.3.1 clearly indicate that the C,Fs + N2 + H,O systems can have a hydrate azeotrope at a certain

temperature condition.
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Figure 3.3.1. Three-phase (H-Lw-V) equilibria of pure C,Fs and C,Fs + N2 hydrates.

47



Table 3.3.1. The three-phase (H-Lw-V) equilibria of the C2Fs + N2 + H,O systems.?

C2F6 (80%) + N; C2F6 (60%) + N; C:F6 (40%) + N C2F6 (20%) + N, C2Fs (10%) + N,
T/K P/MPa T/K P/MPa T/K P/MPa T/K P/MPa T/K P/MPa
274.7 0.57 275.1 0.73 274.5 0.86 274.5 1.21 275.6 2.07
275.8 0.74 275.6 0.81 275.7 1.07 276.0 1.44 277.0 2.46
276.9 0.94 276.3 0.92 276.7 1.22 2773 1.79 278.7 2.99
277.7 1.14 276.7 1.03 277.3 1.38 278.9 2.15 280.0 3.57
278.2 1.30 277.4 1.21 277.9 1.56 279.4 2.33 280.7 3.98
279.0 1.62 278.1 1.33 278.9 1.80 280.0 2.57 2814 4.29
280.0 2.07 278.9 1.55 280.0 2.16 281.2 3.03
279.5 1.82 281.2 2.64 281.6 3.18
280.8 2.35
281.9 2.88

aStandard uncertainties u are u(T) = 0.1 K and u(p) = 0.02 MPa.
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3.3.3. Structural Analyses through PXRD

The hydrate crystal structures and unit cell parameters of the C,Fs + N2 gas hydrates with different
C,Fs concentrations (10, 20, 40, 60, and 80%) were examined using PXRD and compared with those
of pure CyFs hydrate in Figure 3.3.2. Hexagonal ice (Ih) and solid C,Fs generated during the
experimental procedure were also specifically indicated in Figure 3.3.2. Both pure CFs and pure N
hydrates were reported to form sll (Fd3m) [1, 63]. In this study, PXRD analyses revealed that all C»Fs
+ N, + hydrates considered in this study were identified as cubic sl (Fd3m), with lattice parameters
of 17.13 A (C2Fs 80%), 17.13 A (C2Fs 60%), 17.14 A (C2Fs 40%), 17.15 A (C2Fs 20%), and 17.15 A
(C2Fs 10%). C,Fs can occupy only large (5'268) cages of sll due to its large molecular size, while N
can fill both small (5*?) and large (5'%68) cages. The C2Fs + N hydrates with higher C,F¢ concentrations
were expected to have larger lattice parameters because large-sized C,Fs molecules, which are
preferentially enclathrated in the hydrate phase, can contribute in a more dominant fashion to the
expansion of the ternary hydrates’ unit cells. However, PXRD analyses demonstrated that C.Fe

concentrations have no clear relationship with lattice parameters of C,Fs + N2 gas hydrates.
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Figure 3.3.2. PXRD patterns of pure C,Fs and C,Fs + N2 hydrates at 123.15 K.
Asterisks (*) indicate hexagonal ice (Ih).
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3.3.4. Pressure-Composition Analyses

To verify the hydrate azeotrope of the ternary CzF¢ + N2 + H20 system at a certain temperature and to
observe the selective partition of C,Fs between the gas hydrate phase and the vapor phase, a pressure-
composition diagram of the C,Fs + N> + H2O systems was obtained at 275.15 K and 279.15 K (Figure
3.3.3and Table 3.3.2). Atthe H-Lw-V equilibrium state, there are three phases—hydrate, liquid water,
and vapor—and three components—C:Fg, N2, and H,O—in the system. Thus, the system has two
degrees of freedom. That is, the equilibrium composition of the hydrate and vapor phases is adjusted
and determined accordingly when the pressure and temperature of the system is fixed. The vapor phase
compositions can be approximated from the thermodynamic equilibrium curves of C,Fs + N2 hydrates
(shown in Figure 3.3.1) because the pressure-composition diagram (shown in Figure 3.3.3) was
obtained from the HLW- V equilibrium. In Figure 3.3.3, the ternary CzFg + N2 + H,O systems at 275.15
K demonstrated a usual behavior of the phase composition change according to pressure conditions.
For example, at 275.15 K, the C,Fs + N2 gas hydrate (whose vapor phase composition is 22% CF)
has a hydrate equilibrium pressure of 1.9 MPa; thus, the resulting composition in the hydrate phase
was 53% CFs. It is evident that for any initial Co.Fs compositions, gas hydrate formation resulted in
more concentrated C.Fg in the hydrate phase at 275.15 K. However, at 279.15 K, where a hydrate
azeotrope of the ternary C,Fs + N2 + H,O system was suspected to appear (as shown in Figure 3.3.1),
the existence of the hydrate azeotrope was clearly confirmed through the pressure-composition
diagram of C;Fs + N2 hydrates in Figure 3.3.3. At 279.15 K, C,Fs was found to be enriched in the
hydrate phase at high pressure ranges. However, in Figure 3.3.3, as pressure decreased, the vapor phase
composition of CoFs + N, hydrates became identical to the hydrate phase composition. As was seen in
Figure 3.3.1, at 279.15 K, the equilibrium pressures of C,Fs (60%) + N2 (40%) and C.Fs (80%) + N>
(20%) hydrates nearly overlapped each other and were lower than that of pure C.F¢ hydrate. Therefore,
it was clearly confirmed from Figure 3.3.1 and 3.3.3 that the ternary C;Fs + N2 + H2O system forms a
hydrate azeotrope at 279.15 K.

Several previous studies reported that some ternary systems, such as methane + propane + H0,
krypton + propane + H,O, HFC- 32 + HFC-134a + H,0, and methane + ethylene + H,O form hydrate
azeotropes at certain temperatures [68-71].While the specific reason for the occurrence of hydrate
azeotropes is not yet clear, their occurrence can be attributed to the nature and structure of crystalline
hydrates, the competing effect of guest molecules with different sizes, and the temperature effect on
cage occupancies of guest molecules. The experimental results of this study clearly indicate that, in
the case of C,Fs + N> gas mixtures, CoFg can be significantly enriched through gas hydrate formation
at lower temperature ranges where the hydrate azeotropes do not occur, and the C;Fs + No + H.O

systems form sll hydrates for all C,Fs concentrations considered in this study.
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Figure 3.3.3. Pressure-composition diagram of CzFs + N2 + H0 systems at 275.15 K and 279.15 K.
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Table 3.3.2. Pressures and compositions of CaFs + N2 + H,O systems at 275.15 K and 279.15 K.2

279.15K 27515 K
Pressure C,F¢ in vapor C,F¢ in hydrate Pressure C,Fs in vapor C,F¢ in hydrate
(MPa) phase (mol%) phase (mol%) (MPa) phase (mol%) phase (mol%)

1.85 100 100 0.52 100 100
1.83 80.6 80.4 0.71 80.3 91.1
1.86 59.3 67.2 1.92 22.6 53.7
1.88 58.5 66.8 0.83 58.9 83.1
1.91 56.6 62.9 1.12 40.4 66.7
2.00 49.1 56.9 2.64 9.1 46.3
2.41 21.7 494

3.00 15.2 44.9

4.01 7.12 38.5

aStandard uncertainties u are u(composition) = 0.3 mol%, u(P) = 0.02 MPa and u(T) = 0.1 K.
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3.3.5. Conclusions

In this study, the thermodynamic and structural characteristics of C>Fs + N> hydrates were examined
for hydrate-based C,F¢ separation. The H-Lw-V equilibria revealed that the ternary C,Fs + N2 + H,O
systems could have hydrate azeotropes at certain temperature ranges (T > 276.5 K). PXRD patterns
identified the crystalline structure of C,Fs + N2 hydrates as sl (Fd3m) for all experimental C;Fs
concentrations (10, 20, 40, 60, and 80%). The C,Fs separation efficiency was examined through a
pressure-composition diagram at two different temperatures (275.15 K and 279.15 K). At 275.15 K,
C,Fs was found to be highly enriched in the hydrate phase for all C2Fs concentration ranges. However,
at 279.15 K, the ternary C;Fs + N2 + H20 systems showed a hydrate azeotrope, where the vapor phase
composition is identical to the hydrate phase composition. The overall experimental results including
hydrate phase equilibria, crystalline hydrate structure, and C,Fs separation efficiency are expected to

be helpful for future studies about the development of the gas hydrate-based C,Fs separation process.
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3.4. NF; Hydrate Formation and its Microscopic Properties
3.4.1. Abstract

F-gases are man-made gases that are utilized mainly in the semiconductor industry and in refrigeration
systems. Because F-gases have a high potential of contributing to global warming, various methods,
including gas hydrate-based F-gas separation, for separating and recovering F-gases have been widely
studied. However, gas hydrate formation with NF3 has not been well studied in spite of its extremely
high global warming potential (12,700) and its long atmospheric lifetime (740 years). In this study, the
enclathration of NF; in gas hydrate lattices was investigated, with a focus on phase equilibria and guest
distribution. The three-phase (gas hydrate (H) - liquid water (Lw) - vapor (V)) equilibria of NF;
hydrate were measured to observe the stability conditions for NF; hydrate. The crystal structure of N
F3hydratewas identified as cubic sI (Pm3n) with a lattice parameter of 11.87 A through powder X-ray
diffraction (PXRD). In addition, the cage-filling behavior of NF3 hydrate was examined through both
PXRD and in situ Raman spectroscopy. This revealed that the large (5'26%) cages were fully occupied
by NF3s molecules whereas the small (5?) cages were less populated. The results obtained in this study
would be helpful for understanding the cage-specific occupation of F-gas molecules in sl hydrate and

devising possible gas hydrate-based F-gas separation methods.
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3.4.2. Thermodynamic Phase Equilibria

The three-phase (hydrate (H)-liquid water (Lw)—vapor (V)) equilibria of the NF3 + water system were
measured to determine the thermodynamically stable regions of NFsz hydrate. Although a couple of
phase equilibrium points of NF; hydrate (273.15K and 1.67 + 0.02 MPa and 233.15 K and 0.37 £ 0.02
MPa), which correspond to the lower limit of H-Lw-V equilibrium points and one of hydrate (H) — ice
() — vapor (V) equilibrium points, respectively, were reported in the literature [72], the three-phase (H-
Lw-V) equilibrium data of NF; hydrate for wide pressure and temperature ranges have not been
provided. In this study, the three-phase (H-Lw-V) equilibria of NF; hydrate were measured in a
temperature range of 274.15-284.15 K and a pressure range of 1.7-6.8 MPa. The data are presented in
Figure 3.4.1 and Table 3.4.1. Figure 3.4.1 confirmed that the previous equilibrium point (273.15K and
1.67 £ 0.02 MPa [72]) would be on an extension of the H-Lw-V equilibrium curve measured in this
study. Through the three-phase (H-Lw-V) equilibrium data obtained in this study, NFs was found to
have relatively higher hydrate equilibrium pressures at any given temperature than that of other F-gases
such as SFe¢ and CHF3[30, 63]. Because F-gases are mixed with N for use in the semiconductor industry
and N, hydrate has extremely high equilibrium pressures [62], it is expected from Figure 3.4.1 that NF;
+ N2 mixtures will require high pressures for gas hydrate formation. Considering that F-gas separation
using gas hydrates is based on the equilibrium pressure difference between F-gases and N, the data
presented in Figure 3.4.1 suggest that gas hydrate-based NF; separation from the exhaust gas associated
with the semiconductor industry might occur under higher-pressure conditions and the NF; separation

efficiency could be lower than that of other F-gases such as SFs and CHF.
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Figure 3.4.1. Three-phase (H-Lw-V) equilibria of pure NF; hydrate
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Table 3.4.1. Hydrate phase equilibrium data of the NFs; + water system?.

H-Lw-V
T (K) P (MPa)
284.1 6.85
283.2 5.99
281.8 4.98
280.3 4.03
278.1 3.01
275.5 2.11
273.8 1..74

aStandard uncertainties u are u(T) = 0.1 K and u(p) = 0.02 MPa.
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3.4.3. Microscopic Analyses on Pure NF; Hydrate

To identify the crystal structure and the lattice parameter of NFs hydrate, the PXRD patterns of NFs;
hydrate depicted in Figure 3.4.2 (a) were analyzed through the Fullprof program. The crystal structure
of NF; hydrate was identified as cubic sI (Pm3n) with a lattice parameter of 11.87 A, which was in good
agreement with the result of the previous study [72].

The cage occupancy and distribution of NFs molecules in the hydrate phase were also analyzed with
the Rietveld refinement of the PXRD patterns. An assumption that an NFs; molecule is located at the
center of a hydrate cage can lead to an inaccurate calculation for NF; cage occupancy because NF3
molecules are asymmetric and polar. In particular, higher errors can be expected for the NF; cage
occupancy in the large (5'26) cages of sl because of their larger space in which NF; molecules can
move around as compared to the space in small (5*?) cages. In this study, the direct space method using
the crystallography program (FOX) was adopted for refinement to calculate thermodynamically the
optimal position and angle of the guest molecules in hydrate cages. This method was suggested and
verified in the prior study to optimize the calculation of the cage occupancy and distributions of guest
molecules in the hydrate structure [48, 73-75]. The structure of NF; hydrate was analyzed using
modified guest positions (FOX program) and rigid body constraints. The PXRD patterns were well
refined as a cubic Pm3n structure (sl), and the reliability factor Rw, was 13.2%. The cage occupancy
resulting from the Rietveld refinement was found to be 0s = 0.28 for the small (52) cages and 0, = 0.99
for the large (5'%6°) cages. The crystal structure of NFs hydrate and the displacement of NFs molecules
in sl (Pm3n) hydrate lattices are presented in Figure 3.4.2 (b), which demonstrates that NFs molecules
show full symmetry in the cages of sl (Pm3n) hydrate. The displacement of NFs molecules in the small
(5%) cages is negligible because of the lack of space for NFs molecules to move around in the small

(5%) cages despite the relatively larger displacement of NFs molecules in the large (5'26) cages.
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Figure 3.4.2. (a) PXRD patterns of pure NF3 hydrate at 133.15 K. The vertical tick marks represent

the calculated sl hydrate and hexagonal ice.

(b) The displacement of NF; molecules in sl (Pm3n) hydrate lattices.
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The cage-filling behavior of NF; molecules in the hydrate phase was analyzed through Raman
spectroscopy. First, the Raman spectrum of NF3; gas was measured at 298.15 K and 2.0 MPa. NF; gas
molecules exhibited four representative Raman peaks at 494, 646, 910, and 1031 cm, as shown in
Figure 3.4.3 [76]. However, for a more detailed and precise observation of the cage-filling
characteristics of NFs molecules in gas hydrates, one specific Raman peak from gaseous NFs
molecules located at 646 cm™ was selected because of its stronger peak intensity compared to that of
other Raman peaks from NFz; molecules. As seen in Figure 4, gaseous NFs shows a shoulder peak at
644 cm™, whose intensity decreases as the temperature decreases [77]. NFs hydrate exhibited two
Raman peaks (one major peak at 642 cm™ and the other minor one at 650 cm™) in the range of 600—
680 cm. It should be noted that NFs hydrate has no noticeable shoulder peak at around 642 cm™.
Considering the cage ratio of sl hydrate (Pm3n) and the molecular size of NF3, the large peak at 642
cm® can be assigned to NFs molecules captured in the large (5'262) cages, while the small peak at 650

cmt indicates NF3 molecules in small (5'2) cages.

646

644

NF, gas phase

NF, hydrate phase

600 620 640 660 680

Wavenumber (cm™)

Figure 3.4.3. Raman spectra of pure NF3 hydrate and its deconvolution

Considering that large (5'26) cages are three times more abundant than small (5*2) cages in the unit cell
of sl hydrates, the cage occupancy ratio (0./0s) can be calculated from the area ratio (AL/As) of each
peak from the Raman spectrum. To obtain the A /As from the Raman peak, the Raman spectrum of NF;
hydrate in Figure 3.4.3 was de-convoluted by using the Voigt function. After de-convolution, the A/As
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of NF3; molecules enclathrated in the large (5!%6%) and small (5!?) cages of the NFs hydrate was found
to be 20.54 + 4.65, which corresponds to the 6./6s of 6.84 + 1.55. The cage occupancies of NF;
molecules in the large (5'262) and small (5'%) cages of sl can be calculated by incorporating the cage
occupancy ratio (6./0s) into the following thermodynamic equation, which involves the chemical
potential of water molecules in the sl hydrate:
i (h) = 1y (h) = 22 [3In(1 = B wp3) + In(1 = Bsps)] (1)

where u,, (h°) is the chemical potential of water molecules in the hypothetical empty hydrate cages
and 6, and @, are the fractional cage occupancies of small (5'?) and large (5'262) cages of sl hydrate,
respectively [78]. When the clathrate hydrate is in equilibrium with ice, pu,, (ice) — u,, (h°) becomes
—Ap,, and the Ay, is the chemical potential of the empty lattice relative to the ice. The Ap,,value
for sl hydrate used in this study is 1,297 J/mol [78]. The resulting cage occupancies were found to be
0s=0.14 and 6,.= 0.96. The cage occupancy obtained from the combination of the Raman spectrum and
the thermodynamic equation was generally in good agreement with that obtained from the Rietveld
refinement of the PXRD data. It can be clearly seen from the experimental results that NF; molecules
prefer to occupy the large (5'262) cages rather than the small (5%2) cages in sl hydrate.
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3.4.4. Conclusions

In this study, the thermodynamic, structural, and cage-filling characteristics of NF; hydrate were
investigated. The three-phase (H-Lw-V) equilibria measured at a temperature range of 274.15-284.15K
and a pressure range of 1.7-6.8 MPa revealed that the binary NF; + water system forms NFz hydrate at
relatively higher-pressure conditions. This suggests that the gas hydrate-based separation of NFs occurs
at higher pressures compared to that of other F-gases like SFs and CHF3. The NFs hydrate was identified
as cubic sl (Pm3n) with a lattice parameter of 11.87A . In addition, through the Rietveld refinement of
the PXRD patterns, the cage occupancy of the NF; molecules in the sl hydrate was analyzed as 0s =
0.28 and 0. = 0.99. Cage-filling behavior was also examined using Raman spectroscopy. The Raman
spectrum of NF3 hydrate demonstrated the occupation of NFs molecules in both small (5'2) and large
(5%262) cages of sl hydrate, and the de-convolution of the Raman peaks resulted in a cage occupancy of
0s=0.14 and 6. = 0.96. The overall results of the experiment, including thermodynamic phase equilibria,
crystal lattice analyses, and the cage-filling characteristics of NF; hydrate, would be helpful for the
future study of gas hydrate formation with various F-gases and its application to separation/recovery

processes.
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Chapter 4. Novel discoveries on sH hydrate forming F-gases

4.1 A New Discovery of Abnormal sH Hydrate Former: c-C4Fs Gas Molecules
4.1.1. Abstract

Clathrate hydrates are formed by hydrogen-bonded water molecules, which capture guest molecules
inside cages, usually at high-pressure and low-temperature conditions. The crystal structures of
clathrate hydrates are determined by the characteristics of the guest molecules. There are three
representative clathrate hydrate structures: sl, sll, and sH. Among these, sH hydrates are known to
form with large-sized hydrocarbons, which exist in a liquid phase, in the presence of small help gas
molecules. However, no gaseous guests have ever been discovered that can form sH hydrates. Herein,
we show that a large molecular fluorinated gas (octafluorocyclobutane, c-Ca4Fs), can stabilize the
crystal structure of sH hydrate by occupying large (5'26%) cages. The shift of thermodynamic
equilibrium curves for octafluorocyclobutane (c-C4Fs) + methane (CH.) clathrate hydrates according
to c-C4Fs concentrations verified that c-C4Fs existed in a gas phase under three-phase (clathrate hydrate
(H) - liquid water (Lw) — vapor (V)) equilibrium conditions. The inclusion of c-C4Fs molecules in sH
clathrate hydrate in the presence of CHs molecules was clearly demonstrated through powder X-ray
diffraction (PXRD) and *C NMR spectroscopy. The discovery of a gaseous sH former, c-CsFs,
contributes to broadening clathrate hydrate science and engineering by expanding target components
for sH hydrates, and also offers excellent potential in various applications of sH hydrates, especially

in clathrate hydrate-based gas separation.
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4.1.2. Thermodynamic Phase Equilibria

The three-phase (H-Lw-V) equilibrium curves of pure CHa, c-C4Fs (2.0%) + CHa (98.0%), and c-Ca4Fs
(5.0%) + CHa (95.0%) clathrate hydrates are shown in Figure 4.1.1 and Table 4.1.1. Figure 4.1.1
clearly demonstrates that the phase equilibrium curves of the c-CsFs + CH4 clathrate hydrates are
thermodynamically more stabilized when compared with that of pure CH. clathrate hydrate [79],
implying that a large molecular guest, c-CsFs, is incorporated in the clathrate hydrates. In addition, the
observation of a shift in the thermodynamic equilibrium curves in accordance with c-CsFsg
concentrations indicated that c-C4Fs was a gaseous guest for clathrate hydrates under H-Lw-V
equilibrium conditions. With a very few exceptions of solid-phase or water-miscible liquid-phase sH
formers, all sH formers reported to date are water-immiscible liquids [1, 80, 81]. Thus, the system (H-
Lw-Lnc-V) is univariant as determined by the Gibbs phase rule, thereby resulting in no shift in
thermodynamic equilibrium curves at different concentrations of sH formers. Here, we present the first
gaseous sH former, c-C4Fs by demonstrating that the H-Lw-V system of the c-C4Fs + CH4 clathrate

hydrates is divariant.
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Figure 4.1.1. Three-phase (H-Lw-V) equilibria of ¢c-C4Fs + CH,4 hydrates
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Table 4.1.1. Thermodynamic Phase equilibria of c-C4Fs + CH. hydrates

c-C4Fs (5.0%) + CH, (95.0%)

¢-C4Fs (2.0%) + CH, (98.0%)

T (K) P (MPa) T (K) P (MPa)
274.0 2.08 278.9 3.96
274.6 2.19 279.3 4.15
275.7 2.50 280.1 4.59
276.3 2.63 281.0 5.06
276.7 2.75

2776 3.13

278.3 3.35

278.6 3.47

278.7 3.54
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4.1.3. Microscopic Demonstration of sH Hydrate Formation

The formation of sH clathrate hydrate with a c-C4Fs + CH4 gas mixture was confirmed through PXRD

and 3C NMR spectroscopy. Figure 4.1.2 shows the PXRD patterns of the c-C4Fs (5.0%) + CH4 (95.0%)
clathrate hydrate, which were refined using the Fullprof program. As revealed by PXRD patterns,

clathrate hydrate samples consisted of three crystal phases: sl (Pm3n), sH (P6/mmm), and hexagonal

ice (Ih, P63/mmc). Here, sH originated from c-C4Fs (5.0%) + CH4 (95.0%) clathrate hydrate, whereas

sl was derived from pure CH4 hydrate, which was formed from residual CHs gas. The lattice

parameters of sH clathrate hydrate (P6/mmm) are a = b =12.18 A, ¢ = 9.99 A, whereas those of sl

clathrate hydrate (Pm3n) area=b=c=11.85A.
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Figure 4.1.2. PXRD patterns of ¢-CaFs (5.0%) + CH. (95.0%) hydrate.
Asterisks (*) indicate hexagonal ice (Ih).
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As cage-dependent *C NMR peaks for enclathrated CHs molecules can be an effective indicator of
each clathrate hydrate structure [77], the formation of sH from the c-CsFs (5.0%) + CH4 (95.0%) gas
mixture was further confirmed by *C NMR spectroscopy. In Figure 4.1.3, the resonance peaks
appearing at -4.5 and -4.9 ppm indicate that CH, molecules captured in small (5*2) and medium (4%566°)
cages of sH clathrate hydrates formed from the c-C4Fs + CH4 gas mixture, respectively. The area ratio
of the medium (435%6°) to small (5'%) cages for CH4 molecules enclathrated in sH clathrate hydrates
after deconvolution of the peaks was 0.67, indicating that both small (5'?) and medium (435%6°) cages
of sH were almost fully occupied by CHs molecules, whereas the large (526%) cages were occupied
only by c-C4Fs molecules. On the other hand, the resonance peaks at -4.3 and -6.6 ppm showed CH,4
molecules captured in small (5*2) and large (5'%62) cages of sl clathrate hydrates, respectively. The area
ratio of the large (5'262) to small (5*2) cages for CH4 molecules after deconvolution was approximately
3.35, which clearly supports sl clathrate hydrate formation from residual CH,4 gas. Although small (5%2)
cages are common among both sl and sH clathrate hydrates, the chemical shift (-4.5 ppm) of CH4
molecules in the small (5!2) cages of sH is distinguishable from that (-4.3 ppm) in the small (5%2) cages
of sl due to the slight difference in the size and environment of the cages. The PXRD patterns and *C
NMR spectrum clearly demonstrate that c-C4Fs participated in forming sH clathrate hydrate in the

presence of CH4 as a help gas.
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Figure 4.1.3. 3C NMR spectroscopy of c-CaFs (5.0%) + CH. (95.0%) mixture hydrate
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4.1.4. Conclusions

The experimental results clearly verify the novel discovery of a gaseous sH hydrate and its occupation
in the unit cell of sH, as illustrated in Figure 4.1.4. The phase equilibria of c-CsFs + CH4 clathrate
hydrates indicated that the thermodynamic stability of the sH c-C4Fs + CH4 clathrate hydrates was
increased by the inclusion of c-C4Fs molecules when compared with that of sl formed from CH,4
molecules alone. Moreover, the equilibrium curve shift of clathrate hydrates according to c-CsFs
concentrations demonstrated enclathration of c-C4Fs as a gaseous sH former. The PXRD and *C NMR
results revealed the coexistence of sH (P6/mmm) and sl (Pm3n) in clathrate hydrates formed from c-
C4Fs + CH4 gas mixtures, indicating that c-C4Fs is entrapped in large (51%68) cages of sH in the presence

of CHa, which acts as a help gas and occupies small (52) and medium (4°5°62) cages of sH.

kKA
A A&
A s e Gas Hydrate
A pS Formation
PRNRD : S N
d v B g & Y N
od H S of Y P O ¥
N I T A R A
B P Y A g & s A
Molecules in Ambient Condition W HO zz sH Hydrate (P6/mmm)
c-C4Fg
A8 CH,

Figure 4.1.4. The conceptual diagram clathrate hydrate formation with gas-phase sH hydrate former
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This letter reports the first experimental demonstration that large-sized gas molecules can be sH hydrate
formers in the presence of suitable help gas molecules. The discovery in this study can contribute to
significant advances in clathrate hydrate science and engineering. The findings provide new insight into
the enclathration behavior of clathrate hydrates. The experimental results prove that large-sized
fluorinated gases, such as c-C.Fs, which were not thought to be captured in clathrate hydrate cages, can
be target components of clathrate-based gas separation. The discovery illustrates that the stereotypical
idea that liquid-phase hydrocarbons are always necessary for sH clathrate hydrate formation needs to
be reconsidered. In other words, this study illustrates that sH clathrate hydrates can also be formed from
pure water with gaseous mixtures. This study can be expected to have major implications for clathrate
hydrate science and engineering, especially for clathrate hydrate-based gas separation by expanding

target components for separation into large-sized fluorinated gases.
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4.2. An Investigation on Dual (sH/sll) Hydrate Former: CsFs Gas Molecules
4.2.1. Abstract

This study demonstrates that CsFs molecules can form gas hydrates, while it was supposed to be
impossible due to the large molecular size of CsFs (7.68 A). From experimental attempts for gas
hydrate formation of CsFs with various other gases, it was discovered that CsFs can be enclathrated in
gas hydrate cages only in presence of suitable help gases (CH. and SF¢). Also, it was found that the
gas hydrate structures formed by CsFs and help gases were different respective to help gases. Therefore,
this study investigated the thermodynamic and spectroscopic characteristics of each gas hydrate
formed by CsFs with two different help gases (CHa or SFg). First, the three-phase equilibria (H — Lw —
V) of the ternary systems (CsFs (10%) + CH4 (90%) + water and CsFs (25, 50%) + SFs (75, 50%) +
water) were measured. The phase equilibria curve shift compared to that of the binary system of pure
CH. or SFe + water verified the incorporation of CsFg molecules in gas hydrate cages. Moreover, phase
equilibria curve shift according to different CsFg concentration proves that CsFs act as gas phase guest
while being enclathrated in gas hydrate phase. The crystal structures of CsFs (10%) + CH4 (90%) and
CsFs (25, 50%) + SF¢ (75, 50%) hydrates were analyzed through PXRD patterns. Here, it was
discovered that CsFs (10%) + CH4 (90%) gas mixture forms sH (P6/mmm) hydrate while there are
coexisting sl hydrate formed by residual CH4 gas. On the other hand, the crystal structure of CsFs (25,
50%) + SFs (75, 50%) hydrates were identified as sll (Fd3m), for both CsFs concentrations used in
this study. Additionally, *C NMR spectroscopy was conducted to solidify the sH hydrate formation
with CsFs (10%) + CH4 (90%) gas mixture. The result proved the coexistence of sH and sl hydrates
by expressing CH4 peaks captured in both small (52) and medium (4%5%6%) cages of sH (P6/mmm)
hydrate and those captured in both small (5*2) and large (5'262) cages of sI (Pm3n) hydrate. Lastly, in-
situ Raman spectroscopy was used to demonstrate the inclusion of CsFg molecules in sH (P6/mmm)
and sll (Fd3m) hydrates in presence of different help gases (CH4 or SFg). From the overall
experimental results, it was demonstrated that CsFs molecule is a dual hydrate former which can form
different gas hydrate structures depending on help gases. By considering that it is not only the first
discovery of a dual hydrate former of sll and sH hydrates, but also a discovery of gas phase sH hydrate
former, this study holds a significant importance in gas hydrate science and is expected to be useful

for potential gas hydrate applications.
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4.2.2. Thermodynamic Phase Equilibria

CsFs molecule is not able to form gas hydrate alone, due to its large molecular size (7.68 A ), whereas
CHs and SFs molecules can form sl (Pm3n) and sll (Fd3m) hydrates alone, respectively. Since there
are several cases where large molecular guests can be captured in gas hydrate phase with small help
gas, at first, CsFs molecule was also expected to be enclathrated in hydrate phase in presence of well-
known help gases such as CHa, N2, CO; and so on [82-89]. Here, CsFs formed gas hydrates only with
CH., while it did not involve in gas hydrate formation with other small help gases. Next, gas hydrate
formation of CsFs was tried with other gas hydrate formers with larger molecular sizes such as propane
and THF, which occupy only large (5'26%) cages of sl hydrate [1]. However, they also couldn’t make
CsFs molecules be enclathrated in gas hydrate phase. Lastly, gas hydrate formation of CsFs molecules
in presence of large-sized fluorinated molecules such as SFs and C,Fs, which are known to form sl
hydrate and occupy only large (5!26*) cages, was tried [28, 30, 63, 87]. Finally, the thermodynamic
phase equilibria proved that CsFg plays a role in gas hydrate formation in presence of CHs and SFs
molecules.

Here, Figure 4.2.1(a) and Table 4.2.1(a) present the three-phase (H-Lw-V) equilibria of the ternary
system of CsFs (10%) + CH4 (90%) + water, while Figure 4.2.1(b) and Table 4.2.1(b) present that of
the ternary system of CisFs (25%, 50%) + SFe (75%, 50%) + water with two different CsFs
concentrations. It should be notified that the pressure condition examined in this study is below the
liquefaction range of all three components (CsFs, CH4 and SFg). Therefore, if CsFs does not participate
in gas hydrate formation, the three-phase (H-Lw-V) equilibria point should appear at the exact same
point of pure CH4 or SFg hydrate when the CsFs fraction of the mixture gas is considered. However,
Figure 4.2.1(a) and (b) shows three-phase (H-Lw-V) equilibria curve shift compared to that of the pure
CH. or SFg + water system [87], demonstrating CsFs participation in gas hydrate formation. Moreover,
in Figure 4.2.1(b), the phase equilibria curve shift of CsFs (50%) + SFe (50%) + water system from
CsFs (25%) + SFs (75%) + water system confirmed that CsFs is a gas phase hydrate former. According
the Gibb’s phase rule (F = C — P + 2), the phase equilibria should be fixed regardless of CsFs

concentrations if CsFs exist as liquid phase.
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Figure 4.2.1. () Three-phase (H-Lw-V) equilibria of CsFs (10%) + CH. (90%) hydrate.
(b) Three-phase (H-Lw-V) equilibria of CsFs (25%) + SFs (75%) and CsFs (50%) + SFe (50%) hydrates.
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Table 4.2.1. (a) Three-phase (H-Lw-V) equilibria of CsFs + CH4 hydrate

CsFs (10%) + CH4 (90%) hydrate

T (K) P (MPa)
274.2 2.80
2755 3.29
275.8 3.45
277.1 4.06
277.1 4.07
278.9 5.05

(b) Three-phase (H-Lw-V) equilibria of CsFg + SFe hydrates

CsFs (25%0) + SF¢ (75%0) hydrate CsFs(50%0) + SF¢ (50%0) hydrate
T (K) P (MPa) T (K) P (MPa)
281.2 0.39 281.1 0.47
282.0 0.48 281.5 0.53
282.7 0.57 282.0 0.60
283.1 0.65 283.2 0.84
2835 0.74 282.7 0.71
283.9 0.83
284.6 0.97
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4.2.3. Microscopic Analyses on sH Hydrate

Figure 4.2.2 shows the PXRD pattern of gas hydrate structures formed from CsFg (10%) + CH4 (90%)
+ water system, while Figure 4.2.3 (a) and (b) show those formed from CsFs (25%) + SFg (75%) +
water and CsFg (50%) + SFs (50%) + water systems. In Figure 4.2.2, it is clearly revealed that CsFs
(10%) + CHa4 (90%) mixture gas formed sH (P6/mmm) hydrates with the crystal lattice parameter of
a=b=12.17 A, ¢=10.03 A, while there also exists sI (Pm3n) hydrate with the crystal lattice parameter
of a=b=c=11.86 A, which is formed from residual CH, gas. On the other hand, in Figure 4.2.3 (a) and
(b), the crystal structures of CsFg (25%) + SFs (75%) and CsFs (25%) + CaFs (75%) hydrates were
identified as sll (Fd3m), and their lattice parameters were determined as a=b=c=17.14A and 17.20A.
These results tell that CsFs can form two different gas hydrate structures of sH (P6/mmm) and slI
(Fd3m), according to help gases it forms with. Due to its large molecular size (7.68 A) of CsFs, it was

expected to be enclathrated in only large cages of sH hydrate (526%) or that of slI hydrate (5'26%).
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Figure 4.2.2. PXRD patterns of CsFg (10%) + CHa4 (90%) hydrate at 123.15 K.
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Figure 4.2.3. (a) PXRD patterns of CsFs (25%) + SFs (75%) hydrate at 123.15 K.
(b) PXRD patterns of CsFs (50%) + SFs (50%) hydrate at 123.15 K.
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13C NMR spectroscopy was conducted to further demonstrate sH hydrate formation by CsFs (10%) +
CHya (90%) mixture gas. Figure 4.2.4 shows the 3C NMR spectra of CsFs (10%) + CH4 (90%) hydrate.
Here, there are four peaks in total which appear from CH4 molecules in gas hydrate phase. First, peaks
at -4.5 and -4.9 express CH4 molecules captured in small (5'2) and medium (4%5°6°) cages of sH
(P6/mmm) hydrate [85]. From these peaks, it is clearly confirmed that CsFs (10%) + CHa (90%)
mixture gas formed sH hydrate, and CsFs molecules must be enclathrated in sH large (5'%6°) cages
according to its large molecular size. Second, peaks at -4.3 and -6.7 represents CH molecules captured
in small (5'2) and large (5'262) cages in sl (Pm3n) hydrate [85]. This result implies that there are pure
CH, hydrate formed by residual CH4 molecules which were not used for sH hydrate formation.
Therefore, from the *°C NMR spectra shown in Figure 4.2.4, the coexistence of sH (P6/mmm) and sl
(Pm3n) hydrates formed by CsFs (10%) + CHa4 (90%) gas mixture was demonstrated.

sl-L
-6.7

Chemical shift (ppm)

Figure 4.2.4. 3C NMR spectra of C3Fg (10%) + CH4 (90%) hydrate.
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4.2.4. Observation of sll Hydrate Formation through in-situ Raman Spectroscopy

Raman spectroscopy was utilized to verify sH hydrate formation from CsFs (10%) + CH. (90%) + water
system, and in-situ Raman spectroscopy was conducted to observe the hydrate growth process with
CsFs (25, 50%) + SFs (75, 50%) gas mixture. Figure 4.2.5 compares peaks from CH4 molecules before
and after the hydrate formation. Before gas hydrate formation, gas phase CH4 molecules which are
dissolved in water are expressed at 2915 cm™*. However, when gas hydrates are fully grown, there appear
three peaks at 2904, 2914 and 2916 cm™. Here, two peaks at 2904 and 2916 cm™ represent CH,
molecules enclathrated in large (5!262) and small (5'2) cages, while the other one at 2914 cm* represent
those in small (5*?) and medium (435%6%) cages in sH hydrate [85]. Therefore, sH hydrate formation
from the CsFs (10%) + CH4 (90%) + water system was also verified from Raman spectroscopy result
shown in Figure 4.2.6. Figure 4.2.7 (a) and (b) are the growth pattern and final Raman spectra of CsFg
(25%) + SFs (75%) hydrate, respectively. In both Figure 4.2.6 (a) and (b), three peaks appear at 770,
773 and 780 cm!, which designate SFs molecules in hydrate phase, SFs molecules dissolved in water
and CsFs molecules in hydrate phase, respectively [87, 90]. From Figure 4.2.6 (a), it is clearly confirmed
from simultaneously growing peaks at 770 cm? and 780 cm™, that CsFs molecules are being
enclathrated with SFs molecules during the gas hydrate growth procedure. From Figure 4.2.6 (b), it is
seen that CsFs molecules are not preferred to SFe molecules for enclathration in slI hydrate large (5'%6%)
cages, considering the final peak intensity expressed by CsFs and SFs molecules captured in hydrate
phase. This is attributed to the competition between CsFs and SFs molecules to occupy large (5*26%)
cages of sll hydrate, while it is more unfavorable to CsFgs because of its larger molecular size.
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Figure 4.2.5. Raman spectra of CsFs (10%) + CH4 (90%) hydrate.
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Figure 4.2.6. (a) Real time Raman spectra of CsFs (25%) + SFg (75%) hydrate at 279.65 K and 1.05 MPa (AT=5 K).
(b) Final Raman spectra of CsFs (25%) + SFs (75%) hydrate at 279.65 K and 1.05 MPa (AT=5 K).
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4.2.5. Conclusions

In this study, the gas hydrate formation with CsFs in presence of two different help gases (CH4 and
SFg) were examined and the characteristics of formed gas hydrates were investigated. First, the three-
phase (H-Lw-V) equilibria of CsFs + CH4 + water and CsFs + SFg + water systems were measured.
The thermodynamic phase equilibria suggested that CsFs molecules participate in gas hydrate
formation in presence of CH4 or SFs molecules. Also, the thermodynamic equilibria curve shift with
different CsFg concentrations proved that CsFs molecules exist as vapor phase, considering the Gibb’s
phase rule (F = C — P + 2). Next, the PXRD patterns of CsFs (10%) + CHa4 (90%) and CsFs (25, 50%)
+ SFg (75, 50%) hydrate crystals revealed that CsFs + CH4 gas mixture forms sH (P6/mmm) hydrate
while CsFgs + SFs gas mixture forms sll (Fd3m) hydrate. From these results, it was verified that CsFs
can form both sH (P6/mmm) and sll (Fd3m) hydrates depending on help gas molecules. For sH hydrate
formed from CsFs + CH4 mixture gas, it was expected that CsFs molecules occupy large (5'%6°) cages
of sH hydrate while CHs molecules occupy small (5'2) and medium (435°6%) cages considering the
CsFs molecular size. This suggestion was experimentally confirmed through *C NMR and Raman
spectroscopy. From those spectroscopic results, CHs molecules were revealed to be enclathrated in
both small (5'2) and medium (4%5%6°) cages in sH hydrate, while there were CH, molecules captured
in both small (5%?) and large (5'26%) cages in sl hydrate which was formed from residual CHa4. The
enclathration of CsFg molecules in sll hydrate formation process in presence of SFs molecules as help
gas was also demonstrated through in-situ Raman spectroscopy. Here, by observing the gas hydrate
growth procedure, it was confirmed that the Raman peaks presented by CsFs and SFs molecules
increased simultaneously as gas hydrate growth proceeded. However, since CsFs and SFs molecules
are expected to compete to occupy large (5*26%) cages and it is more unfavorable for CsFs because of
its larger molecular size compared to SFs, the final Raman peak of CsFs in hydrate phase appeared
smaller than that of SFe. The overall experimental results obtained in this study gives a significant
importance to gas hydrate science by discovering a dual former of sll and sH hydrates. The results are

expected to be helpful to broaden the gas hydrate science and application fields.
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Chapter 5. Conclusions and Future Perspectives

5.1. Conclusions

In this study, gas hydrate formation with representative fluorinated gases (CHF3, C2Fs and NF3), and
their potential application for gas hydrate-based fluorinated gas separation process were investigated
with a primary focus on thermodynamic stability, spectroscopic characteristics, and cage-filling guest
molecular behaviors. To obtain the fundamental thermodynamic stability range of gas hydrate phase
formed with fluorinated gases, the three-phase (H-Lw-V) equilibria of pure F-gas (CHFs, C2Fgs or NF3)
+ water binary systems were measured, respectively. Also the three-phase (H-Lw-V) equilibria of F-gas
(CHF; or CoFg) + N2 + water ternary systems with various F-gas concentrations were examined to
compare with the thermodynamic stability range of pure F-gas hydrates, and ultimately to estimate the
feasibility of gas hydrate-based F-gas separation process. The microscopic properties of the
representative three pure F-gas (CHF3, C2Fs and NFs3) hydrates and gas hydrates formed with those F-
gases + N, mixture gases were investigated primarily through powder X-ray diffraction (PXRD), *C &
F NMR and (in-situ) Raman spectroscopy. The composition of gas and hydrate phases were analyzed
via gas chromatography and compared to evaluate the separation efficiency of gas hydrate-based
separation process. Lastly, computational calculation was conducted for specific F-gas hydrates, to
elucidate the interactions between guest-guest or guest-host molecules.

This study also discovered new sH hydrate forming fluorinated gases (c-CsFs and CsFs), in presence of
suitable help gases (CH4 or SFg). Here, the three-phase (H-Lw-V) equilibria of F-gas (c-CasFs or CsFs)
+ help gas (CH, or SFe) + water trinary system were measured and compared with those of pure help
gas (CH4 or SFg) + water binary system to thermodynamically demonstrate the participation of F-gases
in gas hydrate formation process. Also, discovery of sH hydrate formation with large molecular F-gases
(c-C4Fs and CsFs) was experimentally proved via various microscopic analyses such as PXRD, *C
NMR and Raman spectroscopy.

From the thermodynamic and spectroscopic experimental results, it was concluded that gas hydrate-
based separation process can be effectively applied for CHF; separation from CHF3; + N, mixture gas.
The thermodynamic stability range of CHFs; + N2 mixture gas hydrate gradually moved toward more
favorable conditions (higher temperature and lower pressure) as CHF3 concentration of the inlet gas
increased. The crystal structure of pure CHF3; and CHF; + N2 mixture gas hydrates were examined as
sl (Pm3n) regardless of CHF3 concentrations used in this study. Also, the Raman spectroscopy revealed
that CHF; molecules occupy both large (5'26%) and small (5!%) cages of sl (Pm3n) hydrate. The
separation efficiency of CHF; molecules in hydrate phase by gas hydrate formation was directly
evaluated by analyzing and comparing the compositions of gas phase versus hydrate phase using gas

chromatography. Here, it was concluded that CHF3 can be highly concentrated in gas hydrate phase (40%
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CHF; can be concentrated up to 88% for example), and the separation efficiency becomes higher at
lower temperature condition. From these results, a schematic suggestion for hybrid system of gas
hydrate-based CHF; separation process combined with membrane/adsorption and liquefaction
processes was devised.

On the other hand, gas hydrate-based separation process for C,Fs from C,Fs + N> mixture was revealed
to be applicable only at low temperature conditions. From the thermodynamic phase equilibria, it was
discovered that C,Fs + N + water ternary system shows azeotropic properties specifically at high
temperature region and with high C,Fs concentration. Therefore, at high temperature region, separation
of C,Fs in hydrate phase by gas hydrate formation was thermodynamically unfavorable. At low
temperature condition (275.15 K), gas hydrate-based C.Fs separation was applicable as revealed from
gradual thermodynamic equilibria curve movement according to increasing/decreasing CsFg
concentrations. From PXRD and Raman spectroscopy, the crystal structure of C,F¢ + N2 hydrates were
identified as sl (Fd3m) regardless of the concentrations of C2Fg used in this study, with C;Fs occupying
only large (5'26%) cages of sll (Fd3m) hydrates due to its large molecular size.

Lastly, fundamental thermodynamic and spectroscopic properties of pure NF; hydrate were examined
in this study. Here, the thermodynamic stability condition of pure NF; hydrate was measured and
concluded to be unfavorable for separation process, since NF3 hydrate requires thermodynamically
harsh conditions (high pressure and low temperature) to be formed. The crystal structure of pure NF;
hydrate was examined as sI (Pm3n) and the NF; molecules were revealed to occupy both large (5*262)
and small (5'?) cages in hydrate phase.

The sH hydrate-forming gas-phase fluorinated molecules were first discovered in this study. In spite of
the large molecular sizes of those fluorinated molecules (c-CsFs and CsFs), they were proved to form
gas hydrates if only there are suitable help gases such as CHs or SFe. The thermodynamic phase
equilibria of c-C4Fg + CH4 + water system demonstrates c-CaFs participation in gas hydrate formation
by expressing the phase equilibria curve movement compared to that of pure CH. + water system. Also,
by showing different thermodynamic stability range according to different c-C4Fs concentrations, it was
proved that there are three phases (gas hydrate (H), liquid water (Lw) and vapor (c-C4Fs + CH,)) in the
system, at each equilibria conditions. Since there have not been any vapor phase sH hydrate former
(large molecule) known until present, this discovery has a significant importance for gas hydrate science.
The formation of sH (P6/mmm) hydrate was confirmed through PXRD and *C NMR spectroscopy.
Due to its large molecular size, c-C4Fs was revealed to only occupy large (5268) cages while CH4
occupies medium (4%5%6%) and small (5%?) cages.

CsFs was also confirmed to form gas hydrate, but only with CH4 or SFe as help gas, as demonstrated
from the thermodynamic equilibria curve movement compared to those of the pure help gas (CH4 or
SF¢) hydrates. However, it was discovered through PXRD analysis that the crystal structure formed by
CsFs + help gas (CHa or SFg) was sH (P6/mmm) and sl (Fd3m) respectively. The **C NMR and Raman
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spectroscopy proved the formation of sH (P6/mmm) hydrate from CsFs + CH. mixture gas, by
presenting CH4 molecules captured in medium (4°5°6%) and small (5%2) cages while C3Fs molecules are
enclathrated in only large (5'%6%) cages. On the other hand, the inclusion of CsFs molecules in large
(5%26%) cages of sl (Fd3m) hydrate phase in presence of SFs hydrate was demonstrated via in-situ
Raman spectroscopy.

The overall experimental and computational results obtained in this study are expected to give insight
for feasibility of gas hydrate-based separation process for various gases, and broaden the gas hydrate

science by proposing newly discovered gas-phase sH hydrate formers.
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5.2. Future Perspectives

From the results in Chapter 3.2 and 3.3, the feasibility of gas hydrate-based F-gas separation process
was experimentally examined. However, the practical estimation on gas hydrate-based separation
process by comparing with other separation methods or calculating the energy required to operate the
process has not been proved through this study. Therefore, it is necessary to study how to pragmatize
gas hydrate-based F-gas separation process in the real industrial field. As a part of it, this study
investigated and compared the thermodynamic F-gas separation efficiency of gas hydrate-based
separation process with that of liquefaction process, using CHF; as a representative example. Since F-
gases are easily liquefied due to their low vapor pressures, liquefaction process is one of commonly
used separation methods to gain highly purified F-gas in the industrial fields. Herein, the
thermodynamic separation efficiency was calculated using pressure-composition diagram shown in
Figure 3.2.3 and liquid-vapor equilibrium of CHF; + N; at specific temperature conditions [29, 91, 92].
Figure 5.2.1 (a) and (b) shows the CHF; recovery ratio in gas hydrate cages or liquid phase according
to CHF3 mole fractions in feed CHF; + N2 gas mixture at an identical pressure condition (4.0 MPa) and
two different temperature conditions (279.15 K and 283.15 K). It is clearly seen from the calculation
that gas hydrate-based CHF; separation process starts to concentrate CHF3 in hydrate phase at around
0.2 CHF3; mole fraction, while liquefaction starts to be effective at least with 0.8 CHF3; mole fraction in
the feed gas. Also, it is seen that gas hydrate-based CHF3 separation process can obtain pure CHF3
recovery with about 0.8 CHFs; mole fraction in the feed gas, while liquefaction requires pure CHF; to
gain a full recovery of CHFs. Figure 5.2.2 (a) and (b) compared the CHF3 recovery ratio with identical
CHF3 mole fraction in feed gas at specific temperature conditions (279.15 K and 283.15 K). In Figure
5.2.2 (a), it is seen that CHF; starts to be concentrated in gas hydrate phase from about 2.0 MPa at
283.15 K, whereas liquefaction of CHF3z + N2 gas mixture with 0.4 mole fraction starts from 8.0 MPa.
Also, while gas hydrate formation can obtain almost pure CHF; in the hydrate phase at high pressure
condition (10MPa), the recovery ratio of CHF3 through liquefaction is significantly low compared to
gas hydrate formation method. From the calculation results shown above, it is concluded that gas
hydrate-based separation process shows significantly higher CHF; recovery ratio compared to
liquefaction process at identical pressure condition or with identical CHF3; mole fraction in feed gas.
Moreover, it is clearly demonstrated that lower temperature condition gives higher thermodynamic

separation efficiency for both separation methods.
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Figure 5.2.1. Comparison of thermodynamic CHF3 separation efficiency between gas hydrate formation and liquefaction processes.
(a) Effect of CHF3 mole fraction in feed gas at 283.15 K and 4.0 MPa.
(b) Effect of CHF3 mole fraction in feed gas at 279.15 K and 4.0 MPa.

88



1.0

Recovery ratio of CHF,

1.0
B Liquefaction B Liguefaction
B Hydrate Formation B Hydrate Formation
08r
0.8
o)
LL
I
0.6 1 O 0.6 |
5 .
il
<
Penl
0.4 g
3 04f
(6]
o)
o
0.2} 02t
0.0 ' ' : 0.0 '
0 2 4 6 8 10 0 8 10
Equilibrium Pressure (MPa) Equilibrium pressure (MPa)

Figure 5.2.2. Comparison of thermodynamic CHF3 separation efficiency between gas hydrate formation and liquefaction processes.
(a) Effect of pressure with CHF3; mole fraction of 0.4 at 283.15 K.
(b) Effect of pressure with CHF3; mole fraction of 0.4 at 279.15 K.
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Another approach to gain fundamental information for practicality evaluation was the energy
measurement which is required for the hydrate formation reaction. Herein, a high-pressure micro-
differential scanning calorimeter (HP IDSC, VIl Evo, Setaram Inc., France) was used to confirm the
formation of pure F-gas (CHF3 or C2F6) hydrate from the F-gas + water mixture. The HP u-DSC can
operate at up to 40 MPa in a temperature range of 233.15— 393.15 K. The HP p -DSC has a resolution
of 0.02 u W with temperature deviation of £0.2 K. A multi-cycle mode of cooling-heating was adopted
for with 25 mg of pure water at the desired pressure in order to enhance the conversion of the F-gas
hydrate. A more detailed description of the experimental methods can be found in our previous papers
[85, 86]. Figure 5.2.3 shows the representative configuration of F-gas hydrate dissociation process
through which the enthalpy required for complete conversion of water to F-gas hydrate is calculated. In
Figure 5.2.3, one enthothermic peak which correspond to pure CHF; hydrate dissociation is clearly
shown and integrated the overall enthalpy required for the hydrate formation reaction to occur. The
enthalpy required for the complete conversion of water to pure CzFs hydrate was measured in the same
way. The enthalpy measurements were conducted at least five times to obtain reliable data for respective
pure F-gas hydrate. From the experimental results, the dissociation enthalpy values of pure CHF; and
CoFs hydrates were 70.1 (£0.3) kJ/mol CHF; and 127.9 (£0.6) kJ/mol CiFe, respectively. It is
meaningful that the dissociation enthalpies of both pure CHF; and C;Fg hydrates were first measured in
this study, and the values obtained here are similar to those of common sl and sl hydrates.

10

-10 ¢

20 +

Heat flow (mW)

-30

40T pure CHF, (sl) dissociation

50 1 1 1 1 1 1
265 270 275 280 285 290 295 300

Temperature (K)
Figure 5.2.3. Hydrate dissociation thermogram for pure CHF; + water system at 1.8 MPa with a

heating rate of 1 K/min.
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In conclusion, this study obtained two valuable results for further application of gas hydrate-based
separation process in industrial fields. However, it is true that these lab-scale experimental data are not
sufficient to construct overall process schematic diagram. Therefore, there are remaining future works
which have to be dealt with, such as calculation of energy required for process operation and test
operation of scaled-up process in overall (Figure 5.2.4). Membrane adsorption and liquefaction process
have been suggested for pre and post processes for the gas hydrate-based separation process until
present, but further development of those processes to maximize the recovery ratio and purity of F-gas
while minimizing the process expenditure. Also, process design including determination of sequence of
the overall process as well as the agitator, shape, material of the process and energy calculation required
for temperature and pressure maintenance should be further conducted. Especially, considering that gas
hydrate formation with bulky water is kinetically unfavorable, the addition of kinetic promoters such as
surfactants should be studied and tested. Lastly, the operation test with scaled-up model process would
support examination on the feasibility of the overall process. With those engineering optimization
enhanced, it is highly expected that gas hydrate-based F-gas separation process will become an effective

and practical gas separation method in real industries.

Overall Process
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Figure 5.2.4. Overall works required for overall gas hydrate-based F-gas separation process

optimization.
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